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ABSTRACT. ^
The primary target cell for the toxicity of ANIt in the 
liver was investigated. Livers were examined histologically at 
0-48 hours after a single 300 mg/kg dose of ANIT to identify 
the primary site of the lesion. Initial changes were observed 
in the portal tract areas, as bile duct degeneration, occuring 
at 6.-8 hours after dosing, this was followed by parenchymal 
focal necrosis at 12 hours after dosing. Ultrastructural 
examination of the primary lesion showed a loss of integrity of 
tight junction conplexes between bile duct lining cells. This 
may allow leakage of bile between the cells causing their lysis 
by the strong detergent activity of bile. The primary 
destruction of bile duct lining cells was confirmed 
histochemically by staining for Vglutamyl transpeptidase, 
there was a progressive decrease in sta: ' - from 0-8 hours 
after dosing, and biochemically by measureuieirc of biliary YGTt" 
This was elevated from 4 hours after dosing. Tight junction 
integrity was examined biochemically by monitoring the 
appearance of albumin in bile. Albumin concentration was found 
to increase with time after dosing up to 8 hours.
The development of the lesion was potentiated by 
induction of the. cytochrome P450 drug metabolising enzyme 
system indicating that metabolism of ANIT is a requirement for 
its hepatotoxicity, a role for gut micro floral metabolism was 
eliminated.
The toxic metabolite was found to be bile borne, exerting 
similar toxicity on the epithelium of the gall bladder. A 
method was developed by HPLC to monitor ANIT and any detectable 
metabolites in bile. ANIT and three metabolites were measured, 
one, the most greatly potentiated after phenobarbi tone 
treatment, was subsequently identified as naph thy lamine. A 
mechanism of action for the hepatotoxicity of ANIT, based on an 
active sulphur moiety, is suggested.
»«-napntK^( isobJ^.oc^snsv-Cr 
■ +  V - -  g t o v s n ^ i
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4- 2.
INTRODUCTIŒ.
THE LIVER.
The liver, which is the largest gland in the body, functions 
both as an exocrine gland, secreting bile through a series of 
ducts into the duodenum, and as an endocrine gland
synthesising a variety of substances which are released 
directly into the blood stream. The position of the liver in 
the body, between the intestinal tract and the general 
circulation, means it receives via the portal blood supply all 
of the material absorbed from the intestinal tract except for 
the lipid, which is mainly transported via the lynphatic
i^stem. Miong the substances received by liver are many 
potentially toxic substances from the intestine or general
circulation and the liver is capable of metabolising these into 
generally less toxic substances for conjugation and excretion 
via the biliary system (figure 1.1).
1.1 Morphology of the liver.
The liver is coitposed predominantly of parenchymal cells or 
hepatocytes. These are arranged in sheets which are one cell 
thick, but which interconnect to form a continuous three
dimensional lattice. The terminal branches of thé hepatic veins 
which drain the liver are known traditionally as central veins 
since they are sited at the centre of the hexagonal unit of the 
liver, the lobule. The hepatocyte sheets are organized radially 
with respect to the central vein within the lobule, and are 
exposed on either side to blood flowing in a system of channels
Liver.
. Ingestion
Digestion
G.I. Tract
General Circulation.
FIGÜHE 1.1. Schematic representation of movement of xenohiotics 
from ingestion into general circulation.
(via detoxification in the liver.)
known as the hepatic sinusoids. The sinusoids also radiate 
around the central vein and are in close contact with the 
hepatocytes (Figw 1.2), intercoimunicating to form a 
labyrinthine system of vessels in intimate contact with the 
large aarface area of the liver parenchyma (Bloom and Fawcett, 
1975).
Traditionally the lobule has been regarded as the 
functional unit of the liver, however there has been some 
objection to this definition since it is inconsistant with the 
organisation which is typical of other exocrine glands. A 
description of liver organisation in terms of the liver acinus, 
a variation of the classic lobule has been proposed by 
Rappaport/ Borowy and LOugheed, (1954). Both the concept of the 
liver lobule and the concept of the hepatic acinus are 
described below.
1.1.1.The lobule.
The lobule is in some species, for exairple the pig, a 
defined unit, the boundaries of which are clearly demarcated by 
connective tissue. In most mammals this is not the case, there 
is no lobular boundary , however, the radial arrangement of 
hepatocytes and sinusoids is such that the approximate 
boundaries" of the liver lotule can be assigned with little 
difficulty. Lobular demarcation may also become prominent 
during liver damage, for exanple, in man, during alcoholic 
liver cirrhosis.
Typically, the lobule is hexagonal in shape with each 
corner of the polygon being occupied by a portal tract (Fig.
irvr-
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1.3). The latter consists of a branch of the portal vein, 
hepatic artery, lynç^atic system and a bile ductule all bounded 
by connective tissue. Blood enters the hepatic sinusoids from 
the vessels within the portal tract, flows through the lobule 
and drains into the central vein (Fig.1.3). The cells nearest 
to the portal tract therefore are the first to receive the 
nutrient and oxygen content of portal blood, thus there is a 
degree of variation between the metabolic activity of 
hepatocytes in the portal tract and central vein regions.
1.1.2. The hepatic acinus.
Rappaport et al (1954) suggested an alternative to the 
concept of the lobule as the functional unit of the liver. They 
consider the unit to consist of a mass of parenchymal tissue 
associated with the terminal branches of the vessels within the 
portal tract. The unit is termed a liver acinus and is defined 
as the tissue supplied by a particular terminal branch of the 
portal vein and the hepatic artery and drained by a terminal 
branch of the bile duct (Fig. 1.4) The boundary of the acinus 
is not defined by any anatomical feature but extends towards 
the terminal branches of the hepatic veins.
The varying concepts of liver lobule functional unit are 
regarded as complementary rather than conflicting since it is 
at tiroes convenient to consider liver function in terms of the 
lobule, and at others in terms of the acinus as the functional 
unit.
Bile
Conalicuii
Bile Duct
Central\ 
Vein }
Broncti 
Portal Vein
Broncti
Hepatic Artery
PIGDRE 1.5. The hepatic lobule. (Bloom and Fawcett, 1975).
Terming! HepoticV. 
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PIGDEE 1.4. The hepatic acinus as conceived “by Rappaport et al (1954)
Diagram from Bloom and Fawcett (19% )
1.1.3.The hepatocyte.
The parenchymal cells are polyhedral and have surfaces 
exposed to various environments i.e. the perisinusoidal space 
(the space of Disse), the lumen of the bile canaliculus and 
adjacent hepatocytes.
The apical surface of the hepatocyte forms the boundary 
of the bile canaliculus, the lumen of which is a relatively 
small space (l-2pm) arising between two or even three adjacent 
hepatocytes. The canaliculi branch and communicate with each 
Other to form a continuous three dimensional mesh, they are 
closed at One end, but drain at the other into larger channels 
then ductules which in turn join to form the bile ducts. The 
'butt joint' at which the canaliculus joins the bile duct is
termed The "canal of __  ^' and can be recognised at the
electron microscope level as a space which is bcxinded on one 
side by hepatocytes and on the other by bile duct lining cells. 
The canaliculi have no membranous walls of their own since they 
are bcxinded by the apical surface of the hepatocyte, this 
surface is thus known as the canalicular membrane and has an 
extensive surface area as it is continuous over the numerous 
microvilli which protrude into the lumen of the canaliculi.
The basolateral face of the hepatocyte runs parallel to 
the hepatic sinusoids and thus, the area of the hepatocyte 
membrane which buunoc> uic oxuusoidai surface of the hepatocyte 
is known as the sinusoidal membrane. Intercellular spaces 
between the hepatocytes are extensions of the perisinusoidal 
space (the space of Disse). On each side of the canaliculus.
the . cell membranes of adjacent cells are firmly bound to each 
other by structures known as tight junctions or Zonula 
occludens. Solutes which move into hepatocytes normally do so 
via the sinusoidal and lateral cell membranes. The endothelial 
cells which line the sinusoids contain large fenestrations 
which allow direct contact between plasma and the sinusoidal 
and lateral membranes. The Zonula occludens junctional complex, 
therefore, has an extremely important function serving to close 
the intercellular space and thus acting as an anatomical 
barrier between bile and the extracellular space, as is 
discussed in more detail below.
1.1.4 Inter-cellular junctions.
Inte^-cellul,  ^motions are specialised regions of contact 
between the plasma membranes of adjacent cells. Some types of 
junction can be distinguished both functionally and 
morphologically, others exist for which no definite function is 
known. Some junctions identified to date are gap junctions, 
tight junctions and desmosomes, these have been found to occur 
between some cells, for example hepatocytes however only the 
structure and function of the tight junction will be discussed 
here.
1.1.4.1 Tight junctions.
The tight junction or Zonula occludens is observed in 
epithelial tissue. Its fijnction as a barrier to diffusion means 
that it forms a very effective seal between extracellular 
compartments. The tight junction was first recognised by
Farquhar and Palade (1963) who demonstrated a continuous region 
of intimate contact between plasma membranes of adjacent cells. 
In this region the outer leaflets of the unit membranes of 
adjacent cells appear to fijse. Within this region, which may 
occupy 0.1-0.3 pm of the lateral cell boundary, there may be 
multiple sites of fusion separated by regions in which the 
outer leaflets are separated. This region of membrane fusion 
has an extremely important function ; serving to close the 
intercellular space thus acting as an anatomical barrier 
between bile and the extra cellular space. In 1969 Matter Orci 
and Rouiller identified the junction which links the 
hepatocytes at the boundary of bile canaliculi and classified 
it as a tight junction.
.Thm junction in transverse section may be seen as an 
extended contact (0.5 ym) where the outer leaflets of adjoining 
membranes are structurally modified and converge to form a 
fused line. Careful examination (Staehelin, 1974), shows that 
the membranes are held together only along a series of lines of 
attachment and there does not appear to be a band of continuous 
contact. The regions of contact were fcxund to be lipoproteins 
which bridged the width of the adjoining membranes and are 
linked together in the plane of the intercellular space. Recent 
work by Kachar, (1987) has suggested that there may be membrane 
''ome a^^^s of the tight junction and he has 
the fine structure of the tight junction in detail. He has 
demonstrated using labelling of the exoplasmic membrane that 
there is no exchange of membrane proteins across the linkage of 
the tight junction (fig.1.5), however labelling of the
10
protoplasmic membrane shows that exchange may occur past the 
tight junctional coitplex. He has also provided further evidence 
for fusion of the outer leaflets of the plasma membranes, since 
many lipids cannot sustain their bilayer formation when in 
close association with another bilayer (ie <20A). Since the gap 
between membranes at the tight junction complex is less than 
20a it is entirely possible that membrane fusion may occur. It 
has not been possible at this stage however to demonstrate 
passage of lipid between the membranes of the two cells.
The effectiveness of the seal provided by tight junctions 
has been demonstrated by Farquhar and Palade (1963) who found 
that haemoglobin (molecular weight 64500) could not pass the 
tight juction of the kidney, Reese and Karnovsky (1967) 
demonstrated the exclusion of horse radish peroxidase (M Wt 
40000) and Revel and Sheridan, (1968), Goodenough and Revel 
(1970) and Friend and Gilula (1972) found that there is even 
exclusion of the colloidal tracer Lanthanum hydroxide (M Wt 
156). However the junctions are not absolute seals since they 
are permeable to the passage of small ions such as sodium and 
potassium (Di Bona 1972) and there is some evidence that 
leakage of relatively large proteins may occur via the tight 
junction complex (Mullock, Dobrota and Hinton, 1978). The 
sealing capacity of the junction complex can be estimated in a 
number of ways:
a) via meaairemeht of, trans-epithelial resistance as there is 
a relationship between this and the ability to maintain ionic 
and osmotic gradients. Thus, a tight junction with a resistance
11
EXOPLASMIC MEMBRANE
Labelling of this does not 
pass tight junction barrier.
PROTOPLASMIC MEMBRANE
Labelling of this membrane 
does pass tight junction 
barrier.
FIGURE 1.5. Protoplasmic labelling and exoplasmic labelling 
of membranes in the ti^t junction region.
(Kachar, 198?)
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of 1000-2000 cm is highly impermeable and a junction with a
2
resistance of 6 ft cm is leaky (Fromter and Diamond, 1972, 
Frizzell and Schultz 1972).
b) Claude and Goodenough (1973) have correlated the leakiness 
of epithelia as assessed by the electrical resistance of the 
junction with the freeze etch morphology of tight junctions. 
The non-leaky junction is relatively deep (>0.5um) and has an 
average number of 8 sealing strands whereas the leakier 
junctions are very shallow and may only comprise 1 junctional 
seal. Intermediate permeability junctions also exist these have 
been found to contain approximately 5 sealing strands. The 
tight junction complexes of the liver are thought to belong to 
the latter category.
1.1.5. Bile Ducts.
The junction of the bile canaliculus with the bile duct 
system is not easily distinguishable. The constituents of bile 
are enptied into the bile canaliculus, these then connect with
■I
the smallest branches of the bile duct via the canal of Bering.
The bile ducts generally consist of a relatively small 
lumen surrounded by cuboidal epithelial cells. The duct lies on 
a basal lamina which is immediately surrounded by dense 
collagenous bundles and a peribiliary plexus of capillaries 
'^ ''rived. from the hepatic artery (Bloom ■"-‘'75),
The inter lobular bile ducts form a richly anast#nosing 
network that closely surrounds the branches of the portal vein. 
As the lumen of the ducts increase the epithelium becomes 
taller, these cells commonly contain fat droplets and sometimes
13
cholesterol deposits. The ducts fuse prior to leaving the liver 
to form the hepatic duct in animals possessing a gall bladder 
and the common bile duct in animals which don’t (in animals 
with a gall bladder the hepatic duct becomes the common bile 
duct after receiving the cystic duct). In man, as the bile duct 
nears the duodenum the smooth nuscle layer which surrounds it 
becomes more prominent and functions as a type of sphincter in 
the regulation of bile flow (Bloom and Fawcett 1975).
1.2. mCHANISMS OF BILE FORMATION.
Bile is a digestive secretion coitprising mixed micelles 
of conjugated bile acids, cholesterol and phospholipids in 
aquecxis solution. In addition to these substances there are 
also inorganic electrolytes which originate from plasma, some 
biliary proteins and bile pigments. Almost all these 
coiTponents with the exception of cholesterol and bile pigments, 
which are degraded by the intestinal gut flora, are returned to 
the body by reabsorption from the intestine. In addition bile 
serves as an excretory pathway for a variety of drugs and 
metabolites.
Most bile components are thought to be products of 
parenchymal liver cells entering bile at the canalicular region 
of the biliary tree. However, the original composition of 
canalicular bile is subject to modification by bile ductules 
and ducts via the addition/reabsorption of water and inorganic 
ions, but in common with most digestive secretions, bile is 
almost always iso-osmotic with plasma (Forker, 1977).
14
1.2.1,Fluid movement in the biliary system.
Mechanisms of bile formation at the level of the 
hepatocyte have been the subject of intensive research for many 
years. One Of the main problems of this research has been the 
inability to saitple the primary canalicular secretion with
micropuncture techniques due to the very small size of the bile 
canaliculus, the diameter of which is approximately 1 pm. Thus 
current concepts of the mechanisms of formation have mostly 
been derived from indirect experiments on animals, humans, 
isolated perfused livers and hepatocytes (Boyer, 1983). Work on 
isolating hepatocyte couplets and canalicular and sinusoidal
vesicles (Arias, Adachi and Tran, 1983, Meier, Sztul, Reuben
and Boyer IS34} aeems promising, however their physiological
significance and contribution to the understanding of bile 
formation cannot yet be evaluated. However it is well known
that net movement of water through epithelia may be due to a
number of processes : active transport of water (which has
never been observed in a living organism), osmotic filtration
as observed in the loop of Henle or hydrostatic filtration as 
occurs in the glomerulus (Erlinger and Dhumeaux, 1974). The now 
classic experiments of Brauer, Leong and Holloway,(1954)
demonstrated that bile production was independent of the level 
of hydroocaciv, pressure, once a critical opening pressure was 
observed,, and, in fact, bile secretory pressure exceeded
sinusoidal pressure. Bile therefore is not formed by
hydrostatic filtration but by a process of secretion dependent
15
upon cellular sources of energy.
Active transport of small molecules, exocytosis of 
vesicles and passive water movement in response to osmotic 
gradients are all possible candidates for a role in the net 
movement of water in to bile canaliculi. However active water 
transport has never been demonstrated in any system (Boyer 
1980) and, although there is now evidence for the transcytosis 
of proteins such as IgA (Mullock et al. 1978), an association 
with net water movement during bile formation is still limited. 
Lake, Van Dyke and Scharschmidt, (1984) have shown that
perfusion of rat liver with bile acid free perfusate containing 
markers such as sucrose and dextran leads to rapid 
equilibration of these markers in bile, but at a rate which is 
incompatible with movement via the paracellular pathway. 
Examination at the ultrastructural level showed fluorescein- 
dextran located in intracellular vesicles, and radio-labelled 
sucrose was located in the pellet after centrifugation of liver 
homogenate, but was liberated into the supernatant upon 
treatment with the detergent triton-X. They therefore concluded 
that there was containment within vesicles and postulated a 
plasma to bile pathway which involved transcytosis and which 
may account for up to 10% of bile formation on a volume basis. 
Thus exocytosis, by the most optimistic estimate, only accounts 
for small percentage of fluid mov" - ' d bile " -mation.
Osmotic gradients, produced by the movement of ions into bile, 
appear to be the most likely route for the generation of the 
bulk of bile secretion. Oschman and Berridge (1971) observed 
that the secretory epithelia as well as absorptive epithelia
16
are structurally equipped to act as sites of standing osmotic 
gradients. Diamond and Bossert (1967) suggested that a high 
surface area to volume ratio and a lumen which is blind at one 
end are the major criteria for a structure to function as a 
standing osmotic gradient flow system and it can be observed 
that the bile canalicular system fulfils these criteria.
Sperber (1959) observed that any osmotically active 
coirpound secreted into bile can move water and other solutes 
into bile. Thus the mechanisms underlying bile secretion appear 
to be similar to those responsible for the elaboration of salt 
and water by most secretory epithelia, i.e. the secretion of 
osmotically active coirponents leading to the net movement of 
water.
A review of osmotically active substances in bile 
implicates the bile acids and other active substances such as 
electrolytes as the major determinants of bile secretion.
1.2.2. Bile acid dependent secretion.
The primary driving force for the movement of water into 
canaliculi during bile formation is generated by active 
secretion of bile acids and electrolytes (Erlinger, 1981, 
Blitzer and Boyer, 1982). The bile acids are assumed to 
originate from the hepatocyte, since during early studies the 
paracellular pathway wc red a. route for bile
acid movement. The "tight" junction conplexes were assumed to 
be just that! and thus a total barrier to molecule movement. 
Later, studies using lanthanum indicated that part of the water
movement into the canaliculus occurs via a paracellular
■
pathway, across tight junction conplexes (Layden, Elias and 
Boyer, 1978). However, although permeable to water and 
electrolytes, the coirplex is clearly not permeable enough to 
allow extensive regurgitation of actively secreted bile acids 
under normal conditions (Anwer and Clayton, 1985). In contrast 
to this, more recent work by Mills Iqbal and Elias (1986) has 
infact suggested a route into bile for bile acids via the tight 
junction complex. Thus the work discussed here indicates that 
the junctional cortplex may be of functional importance in the 
production of bile.
Although water and electrolytes may move into the 
canalicular lumen because of tight junction permeability the 
work of Anwer and Clayton, (1985) excluded this as the main 
t!.u for entry of bile acids into bile . Obviously anothe/-. 
route for bile acid transfer into the canalicular lumen nust 
exist and this route irust occur across the hepatocyte. The 
hepatocyte therefore may be a major determinant in the 
concentration of bile acids in bile and therefore of bile flow 
itself.
The transfer of bile acids from blood to bile across the 
hepatocyte nust conprise at least three stages 
i)Hepatic uptake 
ii)Intracellular transport 
iii)Excretion at the canalicular membrane
1.2.2.1. Hepatic uptake of bile acids.
The uptake of bile acids and possibly other active solutes at
18
the sinusoïdal and lateral membranes of the hepatocyte is 
generally acknowledged to be the primary cellular event in the 
formation of bile.
Bile acids circulating in the plasma can exist free or 
as conjugates. Conjugation usually involves glycine, taurine 
or tyrosine although there is a small amount of conjugation 
with glutathione and glucuronic acid. Mills et al., (1986) have 
shown that conjugation of bile acids generally increases the 
hydrophilicity of the molecule aiding in efficient extraction 
and biliary output of the bile acids.
Investigation of taurocholate uptake into rat 
hepatocytes, demonstrated that the bile acid distributed into 
the extra vascular spaces. It was then taken up by the
i^epatocytes in a dose dependent fashion, a lobular .- .ant
existing for the hepatic uptake system. The rate at which 
uptake occured was proportional to the concentration of bile 
acids in sinusoidal blood, and the uptake system exhibited 
saturation kinetics obeying the Michaelis-Menten equation 
(Reichen and Baumgartner, 1975). This suggested that 
taurocholate was undergoing a type of binding, either to a 
receptor or carrier on or within the hepatocyte. However it was 
inpossible to distinguish between facilitated transport, 
concentratiye transport or simple diffusion with subsequent 
oindiny CO an intracellular receptor from thebe Cesu^ue.
Reichen and Baumgartner (1975) also showed that the V
max
for taurocholate uptake exceeded the maximal steady state 
capacity for taurocholate excretion into bile, thus the uptake
19
system was of high affinity and operated at far from saturation 
with the physiological levels of bile acids in the portal 
blood.
Further work by Reichen and P&umgartner (1976) using the 
perfused rat liver showed that conpetitive inhibition of uptake 
occured between cholàte and taurocholate, and chenodeoxycholate 
and cholate. This indicated that both free and conjugated bile 
acids are transported by a common mechanism; In addition the 
study showed that the chemically different bile acids shared a 
common transport system although the uptake capacity of the 
hepatocyte was influenced by the number of hydroxyl groups on 
the bile acid. The maximal uptake velocity for trihydro>q^ bile 
acids was almost twice that for dihydroxy bile acids, however 
the unconjugated dihyd^oxy bile acids appeared to have a 
greater affinity for the transport system.
Work by Reichen and Baumgartner, (1976) has shown that 
the mechanism of uptake of bile acids may be dependent upon 
their molecular characteristics, hydrophilic bile acids being 
taken up by a sodium dependent carrier-mediated system whilst 
the lipophilic bile acids may be taken up predominantly by 
passive diffusion.
Evans (1985) discussed a role for endocytosis in the 
transcellular transport of bile acids. He stated that the 
involvement of ! end 'cytic cc'.partment was unclear, 
taurocholate uptake by hepatocytes is a sodium dependent active 
transport process and binding sites, although with a very high 
Kd value, have been identified in liver plasma membranes thus 
suggesting that bile acid uptake is a receptor-mediated
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process, as suggested by Reichen and Paumgartner, (1975). Other 
workers however, in contrast to this, have failed to 
demonstrate saturable, specific high affinity binding sites for 
bile acids in liver plasma membranes. Evans did suggest that 
bile acids with their similarity to lipids may undergo uptake 
and movement across cells in a manner resembling lipid uptake 
mechanisms, which although poorly understood indicate rapid and 
specific movement between the plasma membrane and intracellular 
organelles.
To summarise : under physiological conditions the uptake system 
for bile acids works at far from saturation level. The plasma 
bile acid concentration required for half saturation of the 
uptake system between 1 and 2.4 irM, the normal rat bile 
acid concentration is approximately one . tenth this 
concentration in the portal blood (Okishio and Nair, 1966). 
Steady state uptake of the three bile acids tested exceeded 
steady state excretory transport of taurocholate thus hepatic 
uptake of bile acids is not the rate limiting step in the 
overall transport of bile acids from blood to bile. (The 
disproportion between uptake and excretion of bile acids is 
relatively small of the ratio 6:1, uptake:excretion Goresky and 
Silverman, 1964).
TI , ' ‘1. ' * are  ^ oved from portal circulation by a
remarkably efficient transport system which exhibits high 
affinity for both conjugated and unconjugated bile acids. These 
properties appear essential in order to maintain the low bile 
acid concentration observed in blood in spite of the large bile
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acid load delivered to the liver via the enterohepatic 
ciculation each day.
1.2.2.2. Bile acid transport within hepatocytes.
The process by which bile acids are transported from the 
sinusoidal to the canalicular membrane is not totally 
understood. However it is known that once in the cell the bile
acids bind to soluble proteins which diminish their
/
intracellular activity. Several bile acid binding proteins have 
been isolated from the liver cytosol such as the glutathione-S- 
transferases, glucuronic acid and amino acids such as glycine 
and taurine. Although not essential for bile acid excretion, a 
lower clearance rate is observed in dogs which have been 
taurine depleted (O'Maille, Richards and Short, 1965).
Strange, Chapman, Johnston, Nimmo and Percy-Robb, 1979 
and Strange, Nimmo and Percy-Robb, (1979) suggested that only 
ten percent of hepatocyte bile acids are in the cytosol, the 
rest being bound to organelles. There is some evidence for the 
involvement of the golgi apparatus in the trans- cellular 
movement of bile acids. Experiments with Cholylglycyl 
histamine (CGH - a bile acid derivative) labelled with 1-125 
using quantitative light microscopy autoradiography showed that 
the cells nearest to the portal tract appeared to be the most 
active in clearing the CGH from plasma. This area is one in 
which the cells are known to be rich in golgi apparatus (Jones 
et ^,1979, Loud, 1968). This result is not wholly surprising 
if the evidence of a role for the golgi apparatus in bile
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secretion is reviewed
1. Oxandrolone (an anabolic steroid) causes an increase in 
the surface area of hepatocyte golgi and enhances bile 
secretion. (Schituker and Jones, 1975).
2. In neonatal animals there is an association between horse 
radish peroxidase and the golgi apparatus before the 
golgi migrates to the canalicular region of the hepatocyte. 
(Matter et al, 1969)
3. Taurocholate induced cholestasis causes redistribution of 
the golgi apparatus to the pericanalicular cytoplasm.
4. In selective biliary obstruction in the rat, the portion of 
liver obstructed develops golgi hypertrophy possibly as a 
back up system for enhanced biliary flow. (Jones, Schnucker 
and Mooney, 1978).
5. There is a possibility of specific transport of bile acids to 
the golgi apparatus (Simon et al, 1983).
Transcellular movement of bile acids is also linked with 
intra cellular 100pm vesicles associated with protein transport 
and elements of the cytoskeleton (Elias, Hruban, Wade and 
Boyer, 1980). These results are difficult to interpret since 
the authors used inhibitors of the cytoskeleton, for example 
colchicine and vinblas^'-- ;-^ibit microtubules. Thes*
inhibitors are not specific and also interfere with tight 
junction permeability possibly allowing passage of bile acids 
via this route.
Evidence for a role for exocytosis in biliary bile acid
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excretion has arisen from the work of Owen. (1977). He found 
that perfusion of the isolated rat liver with calcium deficient 
medium caused a reduction in bile flow. This is not conclusive 
evidence of a role for vesicular transport in canalicular 
excretion of bile acids since calcium is required by the cell 
for other functions, for exanple junctional integrity. However, 
the presence of acid hydrolases in bile suggest a role for
exocytosis, as the lysosomal vesicles from which they arise are
strongly associated with vesicular transport.
The glutathione transferases occur in numerous forms and 
4 proteins in the group can bind the bile acid cholic acid 
(Hayes, Strange and Percy-Robb 1980). Further work by Hayes et 
A]. (1981) showed that two of the proteins which bound the bile 
acid lithocholic acid exist as dimers. One protein was 
homogeneous, conposed from the monomer Ya (and thus designated 
YaYa) and called Ligandin, the other was composed from 2 
different monomer units, YaYc. More recently 2 fjrther
cytosolic bile acid binding proteins have been isolated, and
naiæd bile acid binders I and II. These proteins have been 
found to have a higher binding affinity for bile acids than the 
glu tathione-S-trans ferases .(Stolz, Sugiyama, Kuhlenkamp et 
al. 1986). Although the physiological function of these 
c"tosoli^' binding proteins is still unclear, the q-
transferases are known to possess low affinity, broad 
specificity binding sites for lipophilic compounds and are thus 
geared to detoxification. It has been postulated by Strange, et 
al. (1979) that such proteins may minimise the back diffusion
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of bile acids in to the blood stream, and Stoltz et al. (1986) 
has suggested that the rate of bile acid diffusion into the 
hepatocyte may be dependent upon the binding affinity of these 
cytosolic proteins and thus they would be iirportant 
determinants of bile acid entry to hepatocytes and ultimately 
their movement into bile.
1.2.2.3.Canalicular secretion of bile acids.
Once secreted into bile,the bile acids are essential for
the transport of insoluble cholesterol. Conjugated bile acid
molecules have both hydrophobic and hydrophilic groups and it 
is this detergent property that enables bile acids to
solubilise cholesterol. The bile acids and lipid aggregate 
around a hydrophobic centre usually lecithin and or cholesterol 
(figure 1.6 ). The polar groups of the bile acids and the
relatively hydrophobic lipid molecules face outwards into the 
aqueous bile phase. The minimum concentration of bile acids
required in bile to form micelles is approximately 2nM. Since
the mean bile acid concentration in hepatocytes is 0.1 -0.3 mM, 
and in bile is 2nM, then movement of bile acids into bile
involves 'uphill transport' in to the canaliculus. Thus 
micelles in addition to allowing transport of non aqueous 
compounds red. ' ' ho jc: - ;ity of the bile acids and become an 
^osmotic sink' for bile acids (Blitzer and Boyer 1982).
The canalicular secretion of bile acids is thought to be 
the rate limiting step in the transfer of bile acids from
25
Polar groups of 
Bile acid molecule
A
Polar group of 
Lipid molecule
B
8 ^
t)oo C5
^oooo O
OOOO^
Longitudinal section cross section through A-B
FIGURE 1.6. Structure of a mixed micelle.
(From Biochem. in Clin. Practice, Williams and Marks 1985)
portal blood to bile (Erlinger and Dhumeaux, 1983). The rate of
biliary bile acid secretion may be enhanced by conjugation
(Zouboulis-Vafiadis, EXiinont and Erlinger, 1982). The secretion
of bile acids into bile is concentrative and saturable and is
thought to occur by an active or carrier mediated transport
system, the biliary bile acid concentration being 100 - 1000
times greater than in plasma.
Membrane bound bile acid receptors have been observed by
Acatino and Simon, 1976 and Kramer, Bickel and Buscher, 1982.
These may act as intra membranous carriers at the canalicular
membrane but this is a purely speculative theory because of
experimental difficulties. In particular, maximal transport
secretory rate has proved difficult to measure since high bile
acid infusion rates cause bile flow to decrease before a
plateau for secretion can be reached (Erlinger and Dhumeaux,
1974; Hardison, Hatoff, Miyai and Weiner, (1981).
An alternative theory is, that once accumulated after
uptake into hepatocytes, the electrochemical potential of the
cell may aid in the passive diffusion of bile acids into bile
+ +
across the canalicular membrane. Na K ATPase-linked
sinusoidal events may influence the movement of bile acids and
bile salts across the canalicular membrane. The pump uses ATP 
+ + 
to punp out 3 Na ions from the cell and to punp 2 K ions
+ +
inLw the cell. The binding constants for h- such
+ + 
that Na is pumped out of the cell and K is pumped into the
cell at maximal rates. The plasma membrane is selectively
permeable to different ions thus various ions move down their
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concentration gradients through the plasma membrane at
different rates. The selective permeability and ionic
concentration gradients cause a difference in the electrical
potential between the inside and outside of the cell. This
+
creates a cell interior in which Na concentration is low and 
+ ■
K concentration is high and therefore generates 2 ion 
gradients across the plasma membrane. Each gradient is the 
reverse of the other (Fig 1.7). Once in the cell, the 
development of an electrochemical gradient facilitates the 
outward movement of anions, the mean resting liver cell 
potential is -37 mV (Graff and Peterson 1978) and the potential 
difference across hepatocytes (sinusoid to canaliculus) is -5 
mV (Binder and Boyer 1973) thus the potential difference across 
the canalicular membrane is -32 mV. It would therefore be 
expected that monovalent anions could move readily into the 
canalicular lumen. This movement is aided by the formation of 
micelles once the bile acids enter the bile, thus the transport 
mechanisms which determine entry of bile acids into bile may be 
largely equilibrative, rather than dependent on active 
concentration processes.
It is still unclear whether Canalicular excretion is 
mediated by one discrete transport system for bile acids and 
another for other osmotically active anions or whether the 
systems are xinkeo in some way. It is clear however from the 
work of Reichen and Paumgartner, (1975) that bile acids coitpete 
with each other for the same uptake system and that their 
transport is dependent upon the presence of sodium. Recent
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(From Molec. Cell Biol. Darnell et al. 1986)
reports on hepatic bile formation have been contradictory to 
this classical theory of bile acid choleresis, suggesting that 
there may be a number of pathways, in some of which bile acid 
structure may play a role in bile formation. For exanple :
-Unconjugated bile acids have been shown to exhibit a greater 
choleretic effect than respective glycine and taurine
conjugates (O'Maille and Richards, 1977 ; Rutishauser, 1980)
-In the guinea pig, choleretic activity of structurally different 
bile acids increases linearly with hydrophobicity. (Tavoloni 
1985).
In addition, recent reports have emphasied the role of 
inorganic electrolyte transport in the formation of bile 
(Hardison and Wood, 1978; Barnhart and Combes, 1978; Dumont,
Uchman and Erlinger, 1980; Van Dyke y Sc-phens and Scharschmidt,
1982).
Thus, in spite of extensive study there is no clear
agreement on the mechanism or mechanisms by which bile acids 
and bile salts are transferred from plasma to bile.
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1.2,3 Bile Acid Independent Bile Secretion.
There is evidence that the transport of anions other than
bile acids may influence bile flow. As discussed earlier there
is a linear relationship between bile acid secretion and
biliary flow but extrapolation to zero bile acid concentration
suggests that there is a corrponent of secretion which is
independent of bile acid concentration . This secretion has
been designated bile acid independent flow : BAIF. The
magnitude of this secretion, (calculated as the intercept of
the extrapolated line at the ordinate), does not give accurate
values since the slope and elevation of the regression line
changes with low bile acid secretion rates and under differing
physiological conditions. (Thus it may be said that BAIF is not
strictly independent of bile acid concentration !).However BAIF
is a real entity and its magnitude varies between animal
species (Erlinger, 1981).
Initially this bile acid independent flow was attributed
+ +
to the activity of a Na K ATPase punp at the canalicular
membrane since experiments incorporating inhibition of sodium
+ +
transport correlated excellently with Na K ATPase activity.
This theory has since been revised as the cytochemical studies
+ +
c^ Blitzer and Boyer (1978) localised the Na K ATPase to ^he
hepatocyte basolateral membrane and not the canalicular. Cell
fractionation studies by Evans (1980) have apparently confirmed
this location. In contrast to this, recent work using
+ +
monoclonal antibodies - against the subunit of Na K ATPase
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has shown the enzyme to be localised at the canalicular
membrane in rat liver. No explanation of these results has yet
been found, but there is some evidence that the a and
g subunits o^ the enzyme may distribute independently in other
epithelial tissues (Geering, Girardet, Bron, Kraehenbuhl and
Rossier, 1983). There is, as already mentioned, evidence that 
+ +
the Na K punp is involved in bile acid transfer.
It is now proposed that bile acid independent movement of
+ +
water into the canaliculus is maintained either by Na K 
ATPase maintaining a sodium gradient for hepatic uptake of 
other bile secretory components as well as bile acids (Blitzrr 
and Boyer, 1982), or that sodium extruded into the inter 
cellular space crosses the tight junction into the canaliculus 
c ... induces water movement by osmosis (Reichen and.Paumgart 
1980 ; Erlinger, 1981).
1.2.3.1. The Role Of Electrolytes and Hormones In Bile Acid 
Independent Flow.
The isoosmotic nature of bile with plasma is mainly
attributable to the presence of inorganic ions. Part of the
excretion of inorganic ions is associated with canalicular
transport of ionised bile acids which themselves contribute
relatively little osmotic activity since the anions aggregate
to form micelles. The remainder of the ions enter bile
independently of the bile acids partly in the canalicular and
partly in the extralobular segment of the biliary tree.
Although electrolyte concentrations in bile are generally
very similar to those in plasma, sodium, (the most predominant
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biliary cation ) potassium, calcium and bicarbonate are
slightly higher in plasma than in bile, the chloride ion is
slightly lower in plasma than in bile.
A role for sodium in the canalicular formation of bile has
been suggested by a number of workers including Reichen and
Paumgartner (1976). They have shown that replacement of sodium
with lithium in a perfused rat liver experiment depressed
taurocholate uptake by approximately 59%. Replacement of sodium
with tris buffer caused a 71% inhibition in taurocholate uptake.
The function of calcium in bile formation has been investigated
by Anwer and Clayton (1985). They found that perfusion of rat
3
liver with a low calcium medium containing H Inulin causes a
reduction in bile flow and biliary excretion of taurocholate
3
but an increase in bili^^y A inulin. This suggests that
removal of calcium causes an increase in paracellular
permeability. This is consistant with the known instability of
tight junctions at very low calcium concentrations. Hardison
and Wood (1978) have suggested that removal of bicarbonate ions
gives a similar effect. Perfusion of the isolated perfused rat
liver with bicarbonate-free perfusate reduced BAIF by 50%,
without any effect on bile acid secretion. Bile flow was
restored to normal by readmission of bicarbonate or
dimethylbxazolidine-2,4-dione (DM0) a weak acid capable of
carrying protons. naiuxouu and wood postulated that a
+ +
bicarbonate transport system may be related to a Na -H
exchange system where CO diffuses across the membrane and
2 4- — +
after hydrating and ionising to H and HCO , acts as an H
3
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+ +
donor supplying protons for the Na -H exchange diffusion
across the membrane. Similar systems have been characterised in
the renal tubule (Giebish and Balnic 1976). An alternative
theory also proposed by Anwer and Clayton is that HCO and Cl 
+ 3
may couple to Na for entry to hepatocytes and so move against
an electochemical gradient. These ions may then stimulate
canalicular secretion by diffusing into bile down the
favourable electrochemical gradient as postulated for bile
acids.
In the guinea pig, choleresis induced by bicarbonate
appeared to be similar to that induced by secretin. Secretin, a 
hormone responsible for the stimulation of pancreatic juice 
secretion, is known to mediate bile flow in scare species. The 
increase in bile flow c' '"ved with secretin is accompanied by 
an increase in bicarbonate secretion and biliary pH. This 
implies that in the guinea pig, at least, bicarbonate transport 
may provide the driving force for both glucagon (a hormone of 
the secretin family) and secretin induced choleresis. Thus 
there appears to be a species difference in response to some 
choleretic stimuli between the guinea pig, the dog and rat.
Tavoloni investigated the choleretic effects of 7-
ketolithochilate and ursodeoxycholate. The choleretic activity 
of these bile acids was predicted by Dumont (1980), however, 
the activiiy c ‘ S: ,unds higher than expected from 
the work of IXimont.
Thus, Tavoloni's results support the involvement of
bicarbonate transport in canalicular bile formation and
possibly in bile acid stimulated bile flow;
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a) bicarbonate levels in bile never fall below plasma levels 
during bile acid choleresis. If bicarbonate entered bile via 
passive mechanisms then the concentration during bile acid 
stimulated bile flow would be expected to be lower than that in 
plasma, as occurs for the chloride ion.
b)The choleretic activity of various bile acids observed was 
higher than theoretically predicted. This suggests that solutes 
such as electrolytes may move into bile during bile acid
choleresis and thus the water associated with bile acid
excretion is increased. (Wheeler, 1972). This would explain the 
oifferent choleretic effects observed since different bile acid 
stuctures would have different effects upon electrolyte biliary 
permeability (Anwer and Hegner, 1982). However, the difference 
^uween the bile acid choleretic activities ranged from Loi.,,w n  
7 - 31 pL/umol, this is too large to be attributed to different 
effects on movement across the canalicular membrane and thus is 
indirect support of a role for bicarbonate transport in
canalicular bile formation.
Tavoloni suggests that bicarbonate may be transported 
actively into the biliary lumen, possibly at multiple sites of 
the biliary apparatus. This excretion then may be the driving 
force for hormone induced choleresis and may be in part 
responsible for the flow of bile associated with bile acid
excretion.
It shcxild also be noted that in the rat ursodeoxycholate and 7- 
ketplithocholate, agents which are potent choleretics, also 
cause an increase in the concentration of bicarbonate ions in
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bile.
Thus it would seem that the evidence for bicarbonate 
involvement in bile formation is very stong. Although not fully 
understood, it seems clear that the bicarbonate ion plays an 
inportant part in the production of bile by the liver.
1.2.4. IXictular modification of bile.
Tavoloni (1985) studied biliary excretion of some 
electrolytes during bile acid, secretin and glucagon induced 
choleresis in the dog, guinea pig and the rat.
Secretin choleresis, uhcxight to be of ductular origin 
(Wheeler and Mancusi-Ungaro, 1966), has been associated with an 
increase in biliary bicarbonate concentration in the dog and 
guinea pig (Preisiy, Coop^^ ü.id Wheeler, 1962 ; Barnhart and 
Combes 1978b). Tavoloni found these results to be repeatable, 
and suggested that the hormone may produce choleresis by
stimulating a bicarbonate transport mechanism possibly sited at 
the ductular biliary epithelium. It should be noted however
that secretin does not stimulate choleresis in the rat, no
explanation is given for this phenomenon.
Glucagon is a hormone of the secretin family, its
choleretic effect is thought to be of canalicular origin 
(Gaberoglio, Bicherstaff, Baker and Moosa, 1982). In the dog 
and the rat Tavoloni founu no variations upon previously 
published results that choleresis occured and was mediated via 
the canalicular region of the biliary system.
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1.2.5. The Paracellular Pathway.
The permeability of the tight junction coirplex may be inportant 
in the control of bile secretion, since water and electrolytes 
can enter bile across the paracellular pathway in addition to 
their movement across the canalicular membrane (Boyer 1980). 
The discovery that the tight junction cortplex can be leaky (as 
discussed in section 1.1.4 ) has implicated the tight junction 
as a major route of passive water and solute entry into bile
(Layden et al., 1978; Graf and Peterlik 1975).
The paracellular ionic equilibrium may occur between 
hepatocytes or duct epithelia. Forker (1977) has suggested that 
it is unlikely to occur at the level of the ductules since the 
surface ; volume ratio of the biliary tree diminishes markedly 
at the transition from canaliculi to portal ducts. Further work 
by Boyer (1980) showed that bile osmolarity reached equilibrium 
with plasma at the level of the hepatocyte and studies with 
lanthanum have shown permeability of the tight junction 
coirplex, since lanthanum can enter the junction complex in 
leaky epithelia such as hepatocytes . Lanthanum may also be 
observed in the junctions after bile acid infusions, and this 
is evidence that the paracellular pathway is the site for ion 
transport after bile acid stimulated secretion (Layden et £l 
1978). It is as yet unknown whether bile acids cause a 
permeability change in the tight iunrtion or whether the
increased flux of ions and water is in response to the 
generation of an osmotic gradient. Graf and Peterlik (1975) 
demonstrated that there was some selectivity for the movement 
of ions into bile via the tight junctions. The order of
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selectivity is ;
for cations: Li>Na^>Tris>Choline
for anions Nitrate>Cl>Acetate>Sulphate
Bradley and Herz (1978) observed a bioelectric barrier to anion 
movement by conparing the clearance of neutral and anionic 
solutes. They found that, although the molecules selected were 
of a similar molecular radius, the passage of anionic solutes 
was slower. They suggested that the movement of the ions was 
via the paracellular pathway and that this pathway is therefore 
negatively charged inhibiting the passage of negatively charged 
ions into bile but facilitates the movement of cations as well 
as proteins thus maintaining the electroneutrality of bile. 
This is consistant with the net negative charge of most cell 
surface glycoproteins. In addition during choleresis this 
charge may stop the back-flow of bile acids to blood via the 
tight junction (Boyer 1980).
1.2.6. Micro filaments and Microtubules.
Microfilaments contain actin and are abundant in the 
pericanalicular region of the hepatocyte. They are associated 
with the canalicular microvillar membrane and insert into the 
junctional coirplex (Oda, Price and Fisher 1974). The filaments 
are thought to be involved in the contraction of the 
canaliculus, a phenomenon which has been observed vitro, and 
which is believed to occur vivo (Smith, Oshio et al,
1985). The contractions are thought to be part of a peristaltic 
mechanism occuring throughout the canalicular system and aid in 
the flow of bile to thé intestine.
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Cytochalasin B is an inhibitor of micro filaments and 
is known to affect membrane transport processes. In addition it 
has been inplica ted in the aetiology of some : forms of 
cholestasis. It has recenfy been shown to decrease the 
contractions of the canaliculus (Phillips et ^  1980) and to 
block bile acid uptake in isolated hepatocytes (Von Obberghen, 
DeMeyrs and Roth 1976).
Microtubles are cytoskeletal elements and are inhibited 
by colcicine and vinblastine.. Inhibition of the uptake and 
efflux of bile acids has been demonstrated in isolated 
hepatocytes and in vivo in the rat, this may be associated with 
inhibition of vesicle transport since there is a decrease in 
the concentration of horse radish peroxidase (transported in 
vesicles) in bile after treatment with colchicine.
Microfilaments and microtubules therefore, are also 
implicated in the hepatic formation of bile.
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1.3. CHOLESTASIS.
The text book definition of cholestasis is: ®the stasis
of bile flow leading to the retention of biliary constituents 
in the liver and blood*(PhiJlips, Ponce11 and Oda, 1986). The 
condition is subdivided into two main classifications: 
EXTRAHEPATIC CHOLESTASIS which usually arises through 
mechanical blockage of the common bile duct, for example due to 
the formation of calculi or the presence of an obstructing 
tumour in the surrounding tissues (eg pancreatic).
INTRAHEPATIC CHOLESTASIS where all the manifestations of the 
extrahepatic condition may be observed but where there is no 
obstruction of the common bile duct. Thus, the lesion nust 
occur within the liver, either at the level of bile formation 
or via obstruct ^ of the intrahepatic bile flow. There are 
various causes of intrahepatic cholestasis, however the one 
which is of greatest interest in the present instance is where 
it arises as a side effect to the therapeutic activity of some 
drugs.
In discussing cholestasis, changes which are observed 
both in intra and extrahepatic cholestasis are first 
considered, and then the specific changes found in the two 
syndromes.
1.3.1. Changes common to intra- and extrahepatic cholestasis.
The. letention of biliary constituents in the blood of 
cholestatic individuals is usually the biochemical marker used 
to diagnose the condition. Biliary constituents may be retained 
in the blood due to failure of transport mechanisms or re-enter 
the blood by three different routes:
40
i) transhepatocyte.
ii) paracellular. 
iii) via the ductule.
The causative factor for the onset of cholestasis varies 
greatly and the persistance of biliary coirponents in the blood 
may involve any or all of the above processes,
i) Transhepatocytic. There is evidence that this route is 
functional in cholestasis since bilirubin of both conjugated 
and unconjugated forms has been found in hepatocytes of
cholestatic rats. The unconjugated bilirubin has been found to 
occur in the cytoplasm whereas the conjugated bilirubin 
concentrates in secondary lysosomes where it may be
deconjuç"'*-''^  via ^-glucuronidase (Desmet, , Bullens and De
Groote, 1970). In addition, during cholestasis there is a loss 
of the canalicular membrane ATPase and an increase of 
sinusoidal and lateral membrane ATPase. There is also widening 
of the intercellular space and the development of microvilli 
along the lateral cell membrane. Desmet et al. (1970) suggested 
that this indicates that the cell has become reversed in its 
polarity and that there has been a reorientation of biliary 
excretion into the sinusoid. Further evidence for this theory 
is that the reverse injection of Horse Radish-Peroxidase (HRP) 
f Jc . suIph0 wide shows transcellular movement of ' ' - 
conpounds across the hepatocyte via vesicle formation and 
discharge into the intercellular space. This pathway is thought 
to be the main route for the passage of biliary constituents 
into bile during cholestasis.
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ii) paracellular- via the space of Disse. There is some 
evidence that destruction of junctional complexes may occur as 
a reælt of increased dilatation, thus allowing the reflux of 
biliary conponents into blood. Layden et al. (1978) have also 
demonstrated passage through tight junction complexes for 
molecules such as lanthanum and peroxidase without any visible 
destruction or dissociation of the junctional complexes. 
However, it is as yet unknown to what extent movement of non- 
physiological molecules reflect the trans-junctional passage of 
bile constituents Jji vivo.
iii) Ductular route. Changes in tie morphology of bile duct 
lining cells have been observed during cholestasis. There is an 
increase in the number of pinocytic vesicles, which appear to 
be myelin-like or granDl&?'^ in appearance which have been 
interpreted as being precipitates of biliary constituents. 
There is widening of the intercellular space at the basal 
portion of the cells and "focal duplication" of the surrounding 
basement membrane (Sasaki, Schaffner and Popper, 1967), which, 
it has been suggested, shows increased resorption of biliary 
constituents into biliary epithelial cells and discharge into 
portal tissue. The movement of gold colloids which have been 
retrograde infused into the bile duct at slightly higher than 
normal pressures can be traced through the bile duct and into 
the surrounding tissue ^^68). lumaguchi, Koyama,
Matsuo et al., (1975) has observed that it is rare to see the 
destruction of the tight junctions between bile duct lining 
cells in extrahepatic cholestasis even though at light
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microscope level a "bile lake" is often evident next to the 
portal tract which can then be drained by the lynph system or 
the sinusoidal blood stream. It is thus clear that bile can 
leak from ducts but the quantitative inportance of this route 
is unknown.
1.3.1.1. Effects Of Cholestasis On Hepatocytes.
Morphologically, hepatocytes show areas of focal 
necrosis, these are assumed to be due to bile accumulation in 
the liver. The accunulation of bile acids and bilirubin in 
hepatocytes leads to the uncoupling of oxidative 
phosphorylation (Tanikawa 1968). This is manifested 
n^ ;^ pxiülogically by mitochondrial, proliferation, swelling, 
curling of the cristae and the. appearance of myelin-like 
inclusions in the matrix (Schaffner, 1965; Tanikawa, 1968; 
Schaffner and Popper 1969 and Perez et al. 1969). In addition 
there is an increase in smooth endoplasmic reticulum but 
inpaired microsomal drug metabolism, peroxisome proliferation 
and an increase in lysosomes accoitpanied by increased /?- 
glucuronidase activity (McLuen and Fouts ^961; Sussi and 
Rubaltelli 1968). Some of this damage has been attributed to 
the detergent activity of the bile acids (Me Luen and Faits
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1.3.1.2. Ultrastructural Changes Obiserved During Cholestasis.
Although there is an etiological and pathogenic division 
between intrahepatic and extrahepabc cholestasis, no real 
differences between the two ha’^e been observed at the electron 
microscope level (Tanikawa 1968). In cholestasis bile 
canaliculi are dilated with partial or complete loss of 
microvilli, there is an increase in the number of canalicular 
sections possibly due to increased canalicular tortuosity. The 
canalicular lumen may be enpty or filled with bile thrombi 
which may appear homogeneous, granular, crystalline or whorled 
and they seem to contain biliary materials and altered 
canalicular membranes. The pericanalicular ectoplasm appears 
thickened and frequently shows focal swelling and disruption 
suggesting that bile plugs may in part arise from the leakage 
of ectoplasmic material in the canalicular lumen (Biava 1964). 
Bile thrombi are occasionally found in the space of Disse and 
the intercellular space and an increase of Kupffer cells 
containing electron-dense materials, possibly bile, has also 
been observed by Biava (1964).
Organelle changes such as hypertrophy of the golgi and 
SER and dilatation of the SER have been noted by Popper and 
Schaffner (1970). The latter Observation has received nuch 
attention since this was thought to indicate that the onset of 
cholestasis ^  ^^^cipit=^pd or enhanced via altered bile
salt metabolism and the production of monohydroxy bile salts 
which would fail to form such efficient micelles and thus 
disturb bile formation as mentioned earlier. However in 
contrast to this, it may in itself be a form of protection
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since the formation of less detergent bile acids will prevent 
to some extent the destruction of intracellular organelles 
(Hutterer, Greim, et al, 1972).
1.3.1.3. Portal and Periportal Reactions.
Bile duct proliferation is a phenomenon often associated 
with liver disease. It may be observed^with both intrahepatic 
and extrahepatic cholestasis and it is thought to be stimulated 
by the increase in intralobular biliary pressure in 
extrahepatic cholestasis. The stimulus in intrahepatic 
cholestasis is unknown since it is believed, initially at 
least, that there is ho elevation in intrabiliary pressure. 
Ductular proliferation may also be observer when there is no 
overt cholestasis for exanple after treatment of rats with 
butylated hydro5Q^toluene (Powell, Connelly, Jones, Grasso and 
Bridges, (1986).
1.3.1.4. Plasma Changes Associated With Cholestasis.
Clinical liver function tests for cholestasis are
characterised by. the elevation in serum of biliary conponents 
such as cholesterol and conjugated bilirubin and increased 
activities of enzymes such as alkaline phosphatase and - 
glutamyl transpeptidase. Plasma lipid cnanges are also 
observed. The increase in serum cholesterol concentration has 
been attributed to the loss of the negative control feedback 
mechanism (Katterman and Creutzfeldt, 1970) and also to
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diminished excretion into bile.
The lipoprotein pattern in serum also changes, and there 
are differences in the binding of bile acids to lipoproteins 
and albumin. Under noi-inal conditions, bile acids are 
transported in blood bound to albumin and to a lesser extent to 
lipoproteins, in general there are very low concentrations of 
bile acids in systemic blood and they are undetected in any 
organs other than the hepatobiliary system and the intestinal 
tract. IXiring cholestasis there is an increase in the range of 
amount of bile acid bound to lipoprotein from 22-34% (under 
normal conditions) to 16-48% (Hedenborg, Norlander and Norman,
1986). The increase in binding is thought to be due to the 
higher concentration of bile acids in systemic blood and it 
occurs in the density lipoprotein fraction, although this 
is known to have different properties during cholestasis since 
it has a different electrophoretic pattern. In this fraction an 
abnormal lipoprotein may be identified, lipoprotein-X. Studies 
suggest that this is formed from bile lipids regurgitated into 
the bloodstream as it is almost identical to biliary lipid and 
a similar material is formed in vitro by the addition of serum 
or albumin to bile (Manzano et ^  1976). Lipoprotein X fraction 
is readily taken up into tissues and this may be an explanation 
fo the accunulation of bile acids in tissues such as muscle, 
subajtr** ; ' skin extrahepatic cholestasis.
1.3.2. EXTRAHEPATIC CHOLESTASIS.
Extrahepatic cholestasis occurs after mechanical blockage 
of the extrahepatic bile duct, for exanple after gallstone
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formation or with carcinoma of the head of the pancreas. If 
unrelieved the condition can lead to ductular proliferation, 
fibroplasia, collagen deposition, perilobular septum formation 
and/or liver abscesses. It is not uncommon for renal failure to 
occur in jaundiced patients.
The mechanism of cholestasis has long been considered to 
be the regurgitation of bile into blood from ruptured biliary 
channels. However it is very rare for clear cut exanples of the 
process to be found and it has been suggested that the passage 
of retained biliary materials occurs via the transcellular 
route mostly via vesicular transport (Phillips et al 1986).
The integrity of the tight junction conplex has also been 
implicated, and much research has investigated the potential 
for leakiness within the junction conplex. However this 
mechanism is not specific to extrahepatic biliary obstruction 
and may also be found in cases of intrahepatic cholestasis.
1.3.2.1. Enzyme Changes During Extrahepatic Cholestasis.
The biochemical changes associated with extrahepatic 
biliary obstruction have been documented for the rat by Israeli 
and Bogin (1986). The ligation of the common bile duct leads to 
elevation of bile acids and bilirubin in blood. If cholestasis 
is severe, and kidney damage ensues, elevated serum urea and 
creatinine may also be observed. Elevated plasma levels of 
aldose, isocitrate dehydrogenase, lactate dehydrogenase, 
alkaline phosphatase, AST and malate dehydrogenase (primarily 
hepatic enzymes) may also be observed in severe cholestasis.
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The pattern of enzyme damage is indicative of kidney damage 
possibly due to the high circulating levels of bilirubin and 
bile acids. The mechanism of action is thought to involve the 
lipid conpexing properties of bilirubin and bile acids causing 
the disruption of membranes and the leakage of enzymes into the 
blood stream (Israeli and Bogin, 1986). The increase in serum 
alkaline phosphatase after bile duct ligation has been found to 
be due to the enhanced synthesis of a particular isoenzyme 
rather than a change in enzymic properties of the existing 
enzyme (Wootton, Neale and Moss, 1975). Elevated serum 7- 
glutairyl transpeptidase ('. GT) activity has long been recognised 
as a marker for the diagnosis in man of liver disorders such as 
intra and extra hepatic biliary obstruction. In rats however, 
serum 7GT activity - , >_*mally low and the enzyme has not
generally been viewed as an effective indicator of liver 
injury. Several reports have demonstrated that it is an 
indicator of biliary obstruction and cholestasis in the rat, 
and it is rapidly elevated by bile duct ligation. It has been 
suggested by Leonard, Neptun and Popp, (1984) that since 
hepatocytes contain relatively low concentrations of 7GT and 
bile duct epithelial cells contain relatively high 7 GT 
activity, the increase in serum 7GT may originate from the bile 
duct epithelium and is thus a good marker for bile duct necrosis.
1.3.3. INTRAHEPATIC CHOLESTASIS.
Intrahepatic cholestasis has become a topic of 
considerable concern to toxicologists since its appearance as a
hepatotoxic lesion in response to some types of drug therapy. 
Since one of the main criteria in the development of new 
pharmaceutical agents is that they pass standard toxicological 
screening tests, normally performed in experimental animals, 
the mechanisms underlying such toxic responses have become 
increasingly more important. The advent of novel synthetic
drugs has lead to an increase in the incidence of related toxic 
effects and thus accordingly toxicity screening tests have
beccme increasingly more sophisticated.
Liver injury by drugs and chemicals has long been a cause 
of major concern. Although a number of natural substances 
(Aspergillus flavus. Amanita phalloides)have been recognised as 
environmental hazards for some time, it has only been since the
flooding of the market with synthetic drugs, that an
increased incidence of hepatic injury has been noted.
In 1959, Popper and Schaffner attempted to classify drug 
induced hepatotoxicity using the following categories:
i) Lesions produced by poisons.
ii) Cholestatic drug reactions (apart from extrahepatic biliary
obstruction).
iii) Lesions which resemble viral hepatitis.
iv) Lesions which were secondary to other disorders.
This classification was useful in allowing assessment of the 
effects of agents on bile ducts and flow or parenchymal type 
cells, especially since mortality associated with the type 
two lesion is much lower than associated with the other type of 
lesions.
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Although the hepatotoxic response can be classified, 
knowledge of the lesions associated with each class is still 
limited. Some si^ess has occured in areas where the lesions 
have been reproducible in experimental animals, however the 
type two (cholestatic) lesion has been found to be neither dose 
dependent nor reproducible in experimental animals. This has 
greatly limited research into drug induced cholestasis and has 
meant that it has been almost impossible to predict the 
cholestatic potential of a drug destined for human consumption.
Obviously an understanding of the mechanisms of
cholestasis would enable the development of more efficient drug 
screening tests, and would allow early identification of 
individuals who are likely to be susceptible to the lesion.
1.3.3.1. Morphology of Intrahepatic Cholestasis.
The morphology of intrahepatic cholestasis (IHC) at the
light microscope level includes bile plugs, dilated bile
canaliculi (lacking in microvilli), thickening of the peri­
canalicular ectoplasm, in addition to the reduction/stasis in 
bile flow, hyperbilirubinemia and bile salt retention. In some 
instances bile may escape from damaged ducts and leak into the 
surrounding hepatocytes but generally regurgitation of bile 
occurs via the transcellular pathway, (vesicle formation within 
hepatocytes), although there is some evidence that during
experimental bile duct ligation reflux of bile occurs between 
cells via breakdown in the tight junction complex.
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1.3.3.2. Mechanisms of intrahepatic cholestasis.
It is likely that in many cases the cause of the 
cholestasis is mechanical obstruction. In some instances 
however, there may also be direct escape of biliary material 
from damaged bile ducts; many drug reactions fall into this 
category. In addition, hepatocytes may fail to form bile and 
it is possible that regurgitation of bile through the 
canaliculi and small ducts may occur in some intrahepatic 
cholestatic conditions (Phillips et al, 1986).
The basic mechanisms of intrahepatic cholestasis are 
outlined below, using the classification of Phillips et al 
(1986) :
i) LESIONS AFFECTING INTRAHEPATIC DUCTS AND SINUSOIDS. One of 
the less common causes of IHC, a space occupying lesion 
produce compression/obstruction of the immediately surrounding 
tissue which may include sinusoids, canaliculi and ducts.
ii) LESIONS AFFECTING CHOLANGIOLES. Dilatation and stasis of 
bile in the channels which connect canaliculi with portal bile 
ducts (the duct of Hering). This condition is common with 
bacterial sepsis and in cholestasis associated with total 
parenteral nutrition. The mechanism is not clear but may be 
associated with bacterial toxins.
iii) LESIONS AFFECTING LIVER CELLS. Hepatocellular necrosis 
' to dc^-ruction of the parenchyma and thus bile formation. 
The condition occurs with acute viral and alcoholic hepatitis.
iv) LESIONS AFFECTING BILE SECRETORY APPARATUS. Very few 
clinical conditions arise in this category. The EUbin-Johnson
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syndrome is one, where there is an excretory defect involving 
conjugated bilirubin. Although not fully understood, the result 
is an effect on bile secretion. In Rotor's syndrome the 
cholestasis occurs as a result of lysosomal effects linked with 
immaturity of the canaliculus. Micro tubular effects have also 
been suggested as a mechanism of cholestasis for exanple in the 
cholestasis associated with alcohol, however this has been 
disputed ( Matsuda, Baraona, Salaspuro and Lieber, 1979).
v) LESIONS AFFECTING THE BILE CANALICULUS. Although a component 
of the bile secretory system Phillips et ^  decided to consider 
it separately since in many forms of IHC either there are 
either no structural changes at light microscope level, or 
canalicular bile plugs are the only abnormal morphology.
The mechanisms of canalicular cholestasis are outlined below ;
I
a) Immaturity of the bile canaliculus. One of the most obvious 
abnormalities, canaliculi are small and simplified. There is 
nuch evidence for the mechanism playing a role in the onset of 
some types of cholestasis, example: Rotor's Syndrome.
b) Altered membrane flow and vesicular activity. There is some 
evidence that disturbed vesicular fonction is a result of 
inpaired membrane flow (Watanabe and Philips 1986).
c) Altered membrane lipids and membrane fluidity. Cholesterol 
has been inplica ted in altering membrane lipids and fluidity 
and tKi? inHijcinq IHC, Lithocholate induced IHC involves 
deposition of cholesterol at the canalicular membrane, and 
other cholestatic agents such as ethinyl estradiol, 
cytochalasin b and Norethandrolone are known to have marked 
effects on the cholesterol:phospholipid ratio.
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d) Leakiness of tight junctions affecting the paracellular 
pathway. The degree of leakiness of tight junctions is critical 
in terms of IHC since biliary conponents secreted into bile 
canaliculi could return to the blood via the permeable tight 
junctions of the paracellular pathway. It is clear therefore 
that tight junction integrity is essential to normal biliary 
physiology. Experimental bile duct ligation and treatment with 
some cholestatic drugs has shown some alteration in the 
permeability of tight junction complexes but there is some 
doubt as to whether these changes are primary or secondary to 
some other effect.
e) Altered connu n i cat ion between cells. Cells communicate with
each other via gap junctions in the cell membranes. It is known
2+
that calcium (Ca ) ions influence junctional membrane 
permeability and canalicular motility. The latter is dependent 
upon a high degree of comrunication between cells. Uncoupling 
of the gap junctions leads to a breakdown in communications 
between cells thus such uncoupling may have a role to play in 
the pathogenesis of some types of IHC.
f) Abnormal canalicular bile. The canalicular lumen can become 
blocked by biliary material which may be granular, membranous, 
vesicular, lamellar or amorphous in appearance. When the site 
of injury is at the canalicular or hepatocyte level it must be 
assumed that there will ultimately be abnormal formation of 
bile or, that, once formed, it will be changed into a more 
concentrated and viscous form. In the condition "By1er's 
Disease" the canalicular bile is abnormally particulate.
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Abnormal bile formation is also associated with the
administation of certain drugs, for example amiodarone,
g) Canalicular motility dysfunction. The mi crofi laments 
associated with the plasma membrane of the hepatocytes are 
especially prominent in the pericanalicular region. It is now 
known that they are associated with canalicular contractility 
and thus passage of bile. Microfilament changes have been
identified in a number of clinical disorders, largely 
cholestatic conditions. Cytochalasin B allows continued 
secretion of bile into the canaliculus with dilatation of the 
canaliculi, however there is impairment of contractions and 
thus a decrease in bile flow. The lack of foreward movement of 
bile forms the bile plug. This mechanism imay be operative in 
some occurences of drug induced IHC, Norethandrolone and 
Chlorpromazine have been implicated in effecting cholestasis at 
least in part by this mechanism.
A nuimber of compounds have been used to examine the 
possible mechanisms for the induction of cholestasis, including 
some of the drugs mentioned previously. However the early
research into intrahepatic cholestasis centred upon a compound
which was not a drug but a synthetic member of the
isothiocyanate family, alpha naphthylisothiocyanate.
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1,4. ALPHA NAPHTHYL ISTHIOCYANATE.
In 1959, Eliakim, Eisner and Ungar examined the type of 
lesions caused by both acute and chronic dosing of Alpha 
Naphthylisothiocyanate (ANIT). They found that following a 
single dose of 100 mg/kg ANIT there was damage to the small 
interlobular bile ducts without significant involvement of the 
bile ductules and it was thus thought to be a member of the 
type II hepatotoxic group of chemicals associated with intra 
hepatic cholestasis. Chronic dosing with ANIT (100 ppm in the 
diet) shewed little or no evidence of jaundice, there was 
considerable proliferation of the bile ductules and 
periductular inflammation.
The hepatotoXiC effects of ANIT were further investigated 
by Goldfarb, Singer and Popper (1962). They looked more closely 
at the histological changes which occured with both chronic and 
acute dosing. 24 hours after the single 100 mg/kg. dose there 
was swelling, vacuolation and necrosis of the cuboidal 
epithelium of the interlobular ducts, with much debris within 
the duct itself. Cellular infiltration, oedema and foci of 
necrosis were evident in the tissue surrounding the duct 
although there was no increase in lipid in these tissues, as 
observed with other types of hepatotoxicity. There was also 
swelling in the walls of the hepatic arterial branches and PAS^ 
tests for glycogen were positive in these vessels. 48 hours 
after the single dose the focal necrosis had subsided and the 
bile ductules were surrounded by inflammatory cells. There was
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also a possible increase in the number of ductules within each
portal area. At 3 days a newly formed flat epithelium lined the
ducts and by 4 days the the bile duct epithelium and arteries
were normal, at this noint the ductular proliferation was
maximal, regressing thereafter. By 19 days the liver was
regarded as normal. Bile flow was monitored over this period,
it was found to be reduced to almost zero by 24 hours, rising 
' ' ' 
to control values by day 4, there was a subsequent elevation 
nd
during the 2 week of recovery before a return to the normal 
range. The biliary excretion of bilirubin mirrored the bile 
flow trend and the serum bilirubin level was elevated to 10 
times the control value by day 3, it fell to approximately 2 
times the control value by day 4 before returning to the normal 
range.
In contrast, the feeding study performed by Goldfarb et 
al. (ANIT: 100 ppm in the diet) illustrated a different type
of effect. After 1 week continuous feeding the interlobular 
ductular epithelium was swollen, the nuclei were vesicular and 
hydropic and in some cases the epithelium was 2 layers thick, 
in addition dense collagenous fibres were observed around the 
periductular tissue. Focal necrosis was associated with the 
periportal region and areas of the parenchyma adjacent to 
proliferated bile ductules, there was also interstitial oedema, 
and cellular infiltration around the portal tract. At 2 weeks 
the interlobular duct was restored to a flattened single layer 
although in some cases the swelling persisted and there was 
some necrosis of these ductular epithelia. There was also 
thickening of.the duct walls and there was an increase in the
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number of fibroblasts present, the reticulin network was more 
dense and irregular. The periductular inflammation had become 
more severe and there was a subsequent narrowing of the 
ductular lumens. All these changes were found to be fully 
reversible within 1 month from cessation of dosing.
1.4.1. Biochemical Changes Associated With ANIT Treatment.
A single dose of 150 mg/Kg ANIT to both rats and mice 
causes a significant alteration in liver fonction tests, such 
as serum bilirubin levels, at 2 hours or less after dosing. As 
discussed above, microscopic examination of the liver indicates 
that there are no significant changes to the liver parenchyma 
at the light microscope level at this time after dosing with 
ANIT, the? -^"or pathological change observed at 24 hours after 
dosing being, the necrotising degenerative changes of the bile 
duct epithelial cells. The major biochemical effects observed 
after ANIT administration were an elevation in serum bilirubin 
by 2 hours after dosing and cholestasis at 16 hours after 
dosing (Becker and Plaa, 1965). The alteration in liver 
function tests cannot be attributed to the onset of cholestasis 
due to the time difference between the onset of each synptom. 
Becker and Plaa (1965) suggested that ANIT may have an effect 
directly on the bile canalicular face of the hepatocyte and 
therefore concluded thit ANIT had several intrahepatic sites of 
action involving both the hepatocyte and the bile duct 
epithelium.
In 1965 Becker and Plaa coirpared the effects of ANIT 
treatment and bile duct ligation. They dosed some animals with
ANIT at 150 mg/kg and ligated the common bile duct in other 
animals and compared various parameters. They found that 
urinary bilirubin was detected at 35 mins after dosing in ANIT 
treated rats but was not detected until 24 hours in bile duct 
ligated rats. At 2 hours, plasma conjugated bilirubin was 
elevated in ANIT treated rats but there was no significant 
change in the plasma bilirubin in bile diet ligated rats. Thus 
there is a difference between bile duct ligation and ANIT 
treatment, for in the former case changes in plasma bilirubin 
occur nearly 24 hours after cessation of bile flow while with 
AlnIIT treatment changes changes are seen nearly 14 hours before 
the onset of cholestasis. ANIT by definition nust therefore 
effect cholestasis via an intrahepatic mechanism. Roberts and 
pj.aa (1967) suggested that ANIT may have an effect o.i crie 
hepatic uptake of bilirubin. They administered bilirubin 
intravenously to mice which had been pretreated with ANIT and 
found retention of bilirubin in the plasma. In addition there 
were low biliary excretion rates of bilirubin, Roberts and Plaa 
hypothesised that an alteration in hepatocyte structure may be 
associated with the decrease in bilirubin uptake.
Lock, Lavigne and Plaa (1982) examined the effect of ANIT 
on bile secretion and cholestasis. They observed that the 
stasis of bile flow induced by ANIT was not a gradual 
aevelopment and the clearance of erithritol, a measure of 
canalicular bile flow, was also unaffected at early time 
points. There was no significant difference in bile acid 
secretion until 16 hours after dosing ANIT (300 mg./Kg), when
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cholestasis was evident in 50% of the animals. Thus in ANIT 
induced cholestasis there is not a gradual modification of bile 
formation but, after a latency period, cholestasis occurs 
rapidly. Once bile flow starts to diminish it declines rapidly 
over the following 3 hours. The decline in bile flow is
mirrored by a fall in bile acid excretion.
1.4.2. Species Differences In ANIT Toxicity.
Capizzo and Roberts (1971a) investigated species 
variations in the response to ANIT. At doses between 0-200 
mg/kg. the order of hyperbi1irubinaemic response was:
RAT> GUINEA PIG> MOUSE 
The rabbit showed no sign of elevated serum bilirubin levels 
even though 2/6 animals died after ANIT administration, and 
the hamster showed a slight elevation in plasma bilirubin
levels at high doses only (400 mg/kg). Bile flow was absent in
the ratf the mouse and the guinea pig.
In contrast to the results of Becker and Plaa,
Indacochea-Redmond and Plaa (1971) found a direct correlation 
between the onset of hyperbilirubinemia and cholestasis in 
rodents. They detected bilirubin in the urine of rats, mice and 
hamsters during the period of elevated plasma biirubin i.e. 18 
hours up to 12 days after dosing. These results are in 
contradiction to the work of Becker and Plaa (1965a) who 
produced evidence for hyperbilirubinemia at much earlier time 
points. I ndacochea-Redmond and Plaa (1971) looked at this 
variation. They examined different suppliers of ANIT and 
animals, and different methods for the analysis of bilirubin.
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They found that the serum of ANIT treated rats interfered with 
the method for meaajrement of bilirubin used by Becker and 
plaa (1965a), and suggested that Becker and Plaa were actually 
measuring interfering metabolites of ANIT in their assay. 
Despite these difficulties both Becker and Plaa, and 
I ndacochea-Redmond and Plaa demonstrated a similar trend in 
species; sensitivity to ANIT. Both the rat and mouse were more 
sensitive than the dog to ANIT hepatotoxicity. This suggests 
that ANIT may be metabolised via different pathways in 
different species and thus biotransformation may play a role in 
mediating the toxicity of ANIT.
Since most research into ANIT toxicity had pinpointed the 
hepatocyte as the site of action for the conpound, effects on 
this cell type were investigated forther by El-Hawari and Plaa 
(1979). They looked at the effect of ANIT and its non- 
cholestatic isomer ^-naphthyl isothiocyanate (BNIT) on the 
mixed function oxidase (MFO) system within the hepatocyte. 
They found that the inhibitory effect of ANIT and BNIT was not 
equal for all enzymes within the MFO system. Thus although both 
ANIT and BNIT cause a reduction in cytochrome P450 levels other 
factors nust be involved in the more selective inhibition of 
enzymes. Drew and Priestly (1976) suggested that the inhibition 
of MFO may be due to the retention of bile acids within the 
cell. Hovrevtr ’  ^ suppi ted by the evidence that the
reductions in enzyme activity and P450 levels clearly preceed 
the development of the cholestatic response. The changes 
observed within the endoplasmic reticulum also preceded 
cholestasis. Thus the metabolic lesion induced by ANIT is
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primary and does not result from bile acid acccunulation. The 
decrease in cytochrome c reductase activity and glucuronyl
transferase activity ocojrs after the onset of 
hyperbilirubinemia and thus may be attributed to the 
accunulation of bile acids within the hepatocyte. However there 
is still no evidence that the primary lesion in hepatocytes is 
in any way causal in ANIT-induced cholestasis.
1.4.3. Influence of other conpounds on the toxicity of ANIT and
evidence for metabolism.
Roberts and Plaa (1966) found that co-administration of 
Norethandrolone (an anabolic steroid), or Enovid (an oral 
contraceptive) with ANIT caused a potentiation in both ANIT- 
induced hyperbilirubinemia and cholestasis. Co-administration 
of ANIT with Acetohexamide (an oral hypoglycaemic), caused a 
potentiation in the hyperbilirubinaemic response only. When 
administered alone the drugs had no effect on bile flow or
bilirubin clearance, thus the potentiation of ANIT-induced 
toxicity is not restricted to drugs which are cholestatic in
their own right. It therefore seems likely that conpounds which 
have the potential to increase ANIT toxicity stimulate critical 
pathways for ANIT metabolism.
The influence of Phénobarbital on ANIT toxicity was 
examined bv  ^ '.y so anC loldberg (1971). They found that
pretreatment of rats for 3 days with phénobarbital enhanced the 
toxic effects seen in the livers of ANIT treated rats, with 
the effects being seen at lower ANIT concentrations and at
earlier times than in non-induced animals. However they
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observed that at even 24 hours after dosing at low dose levels 
(80 mg/kg) although there was considerable damage to the 
intrahepatic biliary tract, no damage to parenchymal liver 
cells was observed, apart from a periportal decrease in 
glycogen in some animals. They postulated that the acceleration 
of ANIT toxicity following phénobarbital administration was due 
to the production of an increase in A^IT metabolites which were 
rapidly excreted into the bile duct where they exert their 
toxicity on the biliary epithelium.
Further evidence that metabolism is necessary for ANIT
toxicity has come from the work of Capizzo and Roberts (1971b).
Their research has shown that, in addition to phenobarbitone,
chlorpromaz ine may potentiate the toxicity of ANIT and
actinonycin D (which inhibits RNA synthesis) inhibits ANIT-
14
induced hyperbilirubinemia. In addition they dosed C-ANIT 
(see fig. 1.8) and monitored the excretion of the label in 
urine and expired gases after administration of ANIT alone and 
ANIT with phenobarbitone or chlorpromazine or actinpmycin D. 
They found a significant increase in the label in expired 
gases and urine after pre treatment with the inducers, without 
any increase in absorption, inplying the production of a toxic 
metabolite via biotransformation. Examination of the label by 
thin layer chromatography (TLC) and gas chromatography (GC) 
revealed that ANIT was not preoenu xn the C excretion 
products. Thus it would seem that metabolism is essential in 
the mediation of ANIT hepatotoxicity.
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N=C6
14
Figure 1.8. C labelled ^ IT.
Capizzo and Roberts, also observed that pretreatment with 
14
ANIT lead to lower C urinary contents and plasma bilirubin
14
but an increase in C in expired gases. They suggested that
the differences in excretion profile after pretreatment with
ANIT may be due to a conpetitive metabolic pathway selectively
altered by ANIT pre treatment. Alternatively the rat may produce 
14
more non-toxic C expired metabolites via a conpetitive
pathway after pretreatment with ANIT, evidence for this is that
14
the hamster produces more CO after ANIT pre treatment than 
the rat but is resistant to ANIT-induced hyperbi lirubi naemi a.
Capizzo and Roberts also suggest that ANIT may release an 
isothiocyanate radical on metabolism which could bind to 
cytoplasmic proteins responsible for the excretion of 
bilirubin. Hyperb i 1 i ru bi naemi a in this case may then be 
ascribed to cytoplasmic hindi ng and possibly an
increase in bilirubin production whose excretion is limited. 
Thus metabolism is critical in ANIT hepatotoxicity, 
phenobarbitone and chlorpromazine possibly altering the 
metabolism of ANIT, enhancing biotransformation and/or protein
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binding.
The effect of inhibition of protein and RNA synthesis on 
ANIT toxicity was investigated by I ndacochea-Redmond, Witschi 
and Plaa (1973). They found that substances known to interfere 
with hepatic protein synthesis, RNA synthesis or both are 
effective in preventing or modifying the toxicity of ANIT. 
Hence administration of Actinonycin D, Cycloheximide or 
ethionine prior to administration of ANIT caused over, 24 
hours, diminution/abolition of the hyperbilirubinaemic 
response, and cycloheximide and ethionine also inhibit the 
cholestatic response. However ine mechanism of protection is 
unclear since the conpounds were only effective at inhibiting 
the response for 18 hours with cycloheximide and 4 hours with 
ethionine yet both were capably, exerting a protective effect 
when dosed 24 hours prior to ANIT treatment, ethionine being 
more effective than cycloheximide. It is possible that there is 
interference with absorption of ANIT from the gastro-intestinal 
tract. This has been shown for actinonycin D by Capizzo and 
Roberts (1971b). However even if 50% of the dose did not reach 
the liver (Capizzo and Roberts only showed a 30% decrease) this 
would still be sufficient to cause a hyperbilirubinaemic 
response. Also the inhibitors have no effect on BSP retention 
and prolongation of hexobarbital sleeping time, two dose 
dependent manifestations or wNii toxicicy. Thus the exact 
mechanism of protection of these conpounds is still unclear. 
The binding of ANIT to hepatic protein was investigated by El- 
Hawari and Plaa (1977). They investigated the relationship
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between irreversible binding to rat liver microsomes and the 
hepatotoxicity of ANIT. In addition to confirming the 
potentiating effect of phenobarbitone on ANIT toxicity, they 
found that. 5 -methyl cholanthrene had a similar effect, in 
addition, SKF 525A, piperOnyl butoxide and disulfiram all 
inhibitors of MFO, decreased ANIT-induced hyperbilirubinaemia. 
In vitro the binding of ANIT to rat liver microsomes may be 
divided in two distinct types, enzymatic binding and non- 
enzymatic binding. Pretreatment with inducing agents increased 
the enzymatic binding. Pretreatment of animals with MFO 
inhibitors prior to in vitro experiments caused a decrease in 
in vitro protein binding. Evidence that the binding agent may 
be an epoxide has come from the finding that sulphydryl 
co^^-f^ing compounds abolish binding in vitro. However th^ 
inhibition of epoxide hydrolase in the incubation mix caused a 
decrease in binding, not the expected increase. There are also 
conflicting results in vivo with phenobarbitone, PCN^and SKF 
525A increasing microsomal ANIT binding but having different 
effects on MFO system. Labelled ANIT cannot be replaced with 
cold ANIT after binding in vitro, providing evidence that ANIT 
is biotrans formed prior to binding . The correlation between in 
vitro binding and toxicity in vivo is also inconsistant, some 
compounds which are capable of abolishing the cholestatic 
e to ;"'"T have no effect on microsomal binding o 
authors conclude that the reactive metabolite of ANIT is formed 
by the MFO system and this binds to rat liver. However as there 
is no correlation between binding and toxicity, protein binding 
is probably not a key event in the pathogenesis of ANIT-induced
cholestasis. Similar protein binding studies were undertaken by-
Roberts (1973) the results are in agreement with the work of
14
El-hawari and Plaa however when the C label detected in the 
liver was extracted and examined via TIG the major component 
failed to migrate with the standard ANIT solution, indeed only 
10% of the radioactivity remained as free ANIT.
1.4.4. The metabolism of ANIT.
The evidence for the metabolism of ANIT, although
indirect, is sufficiently strong to indicate that metabolism
plays a major role in mediating ANIT toxicity. The disposition
of ANIT in the rat was examined by Capizzo and Roberts (1970)
14
using radiolabelled C ANIT in an attempt to associate
disposition with the biochemical and histological lesions
observed. Faeces, urine, CO , blood and body organs were 
14 2
examined for C content. It was found that the liver
14
accumulated a higher total of C than any other organ
examined, the amount peaked at 12 hours after dosing, with the 
14
main route of C excretion occuring via the kidney. At a sub- 
cellular level there was no distinct localisation at any time 
however, mitochondrial localisation was consistantly low.
The identity of the metabolites of ANIT and other
isothiocyanates was investigated by Mennicke, Krumbiegel and 
Gorier (1978). of «-Vy/a isothiocyanates examined occur
naturally e.g. Benzyl, allyl, methyl, ethyl and butyl
isothiocyanate occur in plants. ANIT, BNIT and phenyl
isothiocyanate are synthetic and appear to be metabolised in
the body in a different way to the natural products. The
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naturally occuring products are excreted in urine as
mercapturic acids but these are not detected after
administration of the synthetic conpounds. After ANIT
administration a-naphthylamine was identified as a metabolite
in urine and bile at approximately 5% and 1.5% respectively of
a 40 mg/Kg dose. -naphthy lamine and N-acetyT-0-
naph thy lamine were detected after K^IT administration and
aniline and acetanilide were detected after phenyl
isothiocyanate administration.
Traiger, Vyas and Hanzlik (1984) developed some of the
early work of El-hawari and Plaa and investigated the role of
disulfiram in ANIT toxicity. Disulfiram reduces the toxic
effects of ANIT, however, it is itself metabolised Jji vivo via
reduction to DDTC (Diethyldithiocarbamate) and is further
transformed to many products. Since disulfiram may be competing
with ANIT for a metabolic pathway and reducing its toxicity in
this manner, they therefore examined a role for S-oxidation in
the metabolism of ANIT. Co-administration of ethionamide which
is known to be metabolised via S-oxidation caused a reduction
35
in ANIT toxicity. They then followed the fate of S
35
radiolabelled ANIT. 29% of the dose of radiolabelled S was
35
excreted in urine of which 16% was free sulphate. No SO was
2
expired in the air. Co-administration of S-methyl DDTC and ANIT
35
oi ethionamide and ANIT caused a decrease xu uixuaxy SO .
4
Conversely co-administation of phenobarbitone and ANIT caused a 
3 fold increase in the urinary concentration of radiolabel. 
Traiger et al. proposed the following pathway for ANIT
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metabolism. Oxidative desulphuration of ANIT by MFC leads to
the release of atomic sulphur, this may react non-enzymatically
with membrane nucleophiles and free tissue thiols to form an
unstable persulphide this may then react with further thiols to
form H S and the corresponding disulphide thus;
2
* *
R-SH + is ] — ► R-S-S -H
*
R-SH + R-S-S -H-^H S + R-S-S-R
2
The sulphide may then be converted to SO via enzymes present
4
both in the liver and kidney.
The evidence to support this theory is the role of MFC
and the effect of its potentiation or inhibition on the
toxicity of ANIT, the requirement of oxygen and NADPH for in
vitro binding and metabolism of ANIT (El-Hawari and Plaa, 1977)
and the formation of -naph thy lamine (Mennicke et al, 1978),
-naphthyl isocyanate is very reactive readily forming -
naphthylamine and CO in an aqueous environment (Traiger et al
2 14
1984). In addition, variation in the production of CO
2
(Capizzo and Roberts, 1971a) and the production of SO are all
4
consistant with oxidative desulphuration of ANIT.
Traiger et al., (1985) investigated the route of ANIT
— ‘tabol ism further- They found a »^tween +-he
inhibition of NADPH dependant ANIT metabolism by Na DDTC, Me 
DDTC, ethionamide, N decylimidazole (NDI) and SKF 525A and the 
inhibition of the ANIT mediated hyperbilirubinaemic response. 
Since NDI and SKF 525A are potent inhibitors of the cytochrome
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P MFO enzyme system this suggested that ANIT undergoes 
450
metabolism via a P dependent MFO enzyme system and this
450
biotransformation is intimately related to its toxicity. The 
decrease in enzymatic metabolism of ANIT when co-administered 
with Me DDTC, Na DDTC or ethionamide Jji vitro agreed with the 
previous work by Traiger et al. (1984) implicating S-oxidation 
as a route of ANIT metabolism.
The hyperbilirubinaemia, and elevated serum enzyme levels 
induced by ANIT were also reduced by S-adenosyl methionine 
adminstration. This compound is known to scavenge sulphydryl- 
containing compounds and is a possible precursor for 
glutathione synthesis. However liver microsomal activity is not 
affected by S-adenosyl Methionine. Further work of El-Hawari 
and Plaa (197// has shown that both cysteine and cysteamine- 
reduce ANIT toxicity. Since both these compounds are sulphydryl 
containing it is possible that they may trap the reactive 
metabolite of ^ IT working in a similar way to S-adenosyl 
Methionine.
The second phase metabolism of some isothiocyanates was 
investigated by Temmink, Bruggeman and Van Bladeren (1986). 
The main pathway for the biotransformation of benzyl and allyl 
isothiocyanates is via spontaneous glutathione conjugation, 
the reaction is however reversible via the activity of 
glutathione transferase thus;
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R-N=C=S + R'SH -► R-NH-C-SR'
glutathione dithiocarbamate
\
transfer to 2 thiol group thiol + free isothiocyanate
of isothiocyanate
Both the cysteine and glutathione conjugates of allyl and
benzyl isothiocyanates are cytotoxic but the toxicity is less
than that of the parent compound, there is some thought that
toxicity of the conjugates may in fact be due to the liberation
of free isothiocyanate rather than to any indigenous toxicity
of the conjugate cortpounds. It is thought that ANIT may undergo
reversible glutathione conjugation in a similar way (Van
Bladd^-t* Personal communication). The implication of this is
that once conjugated and excreted into bile the conjugate may
then deconjugate releasing a potentially reactive compound
which may be redistributed, resulting in toxicity arising in a
totally different area of the body. Obvious sites for such
toxicity are areas where the concentration of free glutathione
is low (biliary levels of free glutathione are low as it is
mainly excreted as oxidised glutathione from hepatocytes) or
where the pH exceeds 8 since both these environments will
favour the reverse reaction and lead to the release of the free
' * nate.
1.4.5. The effect of ANIT on the tight junctional complex.
. In 1982 Krell, Hoke and Pfaff monitored the hepatic 
clearance of various exogenously administered compounds. They
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found that the hepatic clearance of exogenously administered 
bilirubin was decreased at a time when the cessation of bile 
flow had not yet ocojred. In addition there was an increase in 
the permeability of the bile-plasma barrier monitorable by the 
movement of sucrose and phosphate into bile. The increase in 
concentration of sucrose and phosphate from plasma into bile 
was not attributable to the decrease in bile flow and it was 
thus assumed that an increase in the permeability of the 
paracellular pathway had occured. This was supported by the 
evidence that both the sucrose and phosphate reached 
equilibrium in bile approximately 5 minutes after 
administration thus an intracellular pathway could not be 
inplicated. Furher support for an increase in permeability of 
the tight junction was that at e _ times after dosing there 
was no change in hepatocyte excretory üinction even though the 
concentration gradient with bile was no longer maintained. This 
could be explained since an increased junctional permeabilty 
would allow easy dissipation of the concentration gradient. 
This would inply that all other toxic effects of ANIT may be a 
direct consequence of the change in permeability of the 
junctional complexes between hepatocytes.
The work of Lowe, Kan, Barnwell, Sharma and Coleman
(1985) has supported the theory suggested by Krell et
al. (1982). They ha\7e shown that pretreatment of animals with
ANIT prior to administration of horse radish peroxidase (HRP) 
3
and H methoxy inulin leads to the appearance of the HRP and 
radiolabel led inulin at 5-7 minutes post infusion in the
71
3
isolated perfused liver. The concentration of H methoxy inulin 
was 17 fold greater in ANIT treated rats than in control rats 
and since the movement into bile was not inhibited by 
colchicine administration it may be assumed that the movement 
occured via the paracellular pathway.
In contrast, work by Jaeschke, Krell and Pfaff (1983) 
showed that with ethinyl estradiol treatment, cholestasis was 
not associated with the increase in permeabilty of the tight 
'junction complex. They attribute the increase in sucrose levels 
in bile to a decrease in bile flow. They suggest that the tight 
junction changes may be a function of increased bile salt 
concentration and are thus a consequence of cholestasis not 
the primary pathophysiological event.
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1.5. AIMS OF THIS RESEARCH.
Since the discovery of ANIT induced cholestasis it is 
evident that the majority of the research into the compound and 
its mechanism of action has centred upon its effects on the 
predominant cell type in the liver, the hepatocyte. However 
even in the first pathological description of the lesion it was 
evident that the portal tract was the target site for the 
compound, in particular, the intrahepatic bile duct. To date no 
work has been published examining the bile duct lining cell, 
its metabolic capabilities and its susceptibility to 
hepatotoxic agents. Thus, it has almost been eliminated as a 
potential target cell for the toxicity of ANIT even though much 
of the evidence indicates it is equally if not more susceptible 
to damage via. the administration of AInIT.
The aim of this research was to examine the mechanisms by 
which ANIT exerts its cholestatic effects in the rat. The 
development of the lesion was examined in the hepatocyte, but 
in addition, particular reference was paid to the effects of 
ANIT on the bile duct lining cells. It was hoped to establish 
not only the primary site of the cholestatic lesion but also 
whether the bile duct lining cell is only a cell forming a duct 
or whether it has more metabolic activity than has perhaps been 
attributed to it to date.
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MATERIALS AND METHODS.
MATERIALS.
The source of chemicals is quoted in the text, all are of 
analytical grade unless stated otherwise.
METHODS.
2.1 ANIMAL HUSBANDRY AND DOSING.
All animals were obtained from the University of Surrey 
Breeding Unit except the gnotobiotic animals which were kindly 
supplied by Dr. F. Ward (Robens Institute, Surrey University). 
Normal rats were of the University of Surrey or Bantim and 
Kingman Wistar albino strain. Gnotobiotic rats were of the 
University of Surrey Fischer strain.
All animals were maintained on Spratts pelleted rodent diet no. 
1, and food and water was available ad libitum.
a-naphthyl isothiocyanate (Sigma Chemical Co. Poole
I
Dorset) was administered as a 60mg/ml solution in olive oil. 
Sufficient of the solution was administered by gavage to ensure a 
dose of 300 mg/Kg body weight. Control animals received 5ml/kg 
body weight of olive oil.
When phenobarbitone (BDti Poole, Dorset.) administration 
was required rats received an 16mg/ml solution in phosphate 
buffered saline at a d. " v ' 30 mg/7’ body weight. The
dose was administered intra-peritoneally (i.p. ) once daily for 
3 days prior to ANIT or control treatment.
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2.2 ANIMAL SURGERY.
2.2.1. Bile Duct Cannulations.
All rats undergoing bile duct cannulation had body weights of 
at least 200g. Animals were anaestfeised with Sagatal (May and 
Baker Ltd. Dagenham, Kent.) at a dose level of 0.1 ml/lOOg body 
weight administered i.p..
Once fully anaesthetised animals were restrained on a 
dissecting board and a incision made ventrally along the mid­
line from approximately half way up the body to the 
xiphisternum. The liver was located and the lobes were 
displaced upwards to reveal the common bile duct.. The duct was 
carefially cleared from any associated pancreatic tissue by 
blunt dissection, and 2 ligatures were placed around it. Â v 
shaped incision was when nac_ ^^_ween the two ligatures and a 
15-20 cm piece of portex pp25 tubing (Portex Ltd. Hythe, Kent.) 
was inserted. The cannula was kept in position by tying the 
ligatures securely, the liver lobes were replaced, lying over 
the cannula to ensure minimum disturbance of it when moving the 
animal later. The cannula was brought out through the mid-line 
incision, the peritoneum was closed using running sutures and 
the body wall secured using Michel skin clips. Animals were
then kept on a heating pad with body temperature maintained at 
o o
37.4 C+ 0i5 C, measured using a rectal thermometer. Sagatal was 
administered as requn.eo co iiainuain deep anaesthesia and bile 
was collected into preweighed polythene vials. The rate of bile 
flow was determined gravimetrically.
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2.2.2. Collection of Serum.
Blood samples were taken from anaesthetised animals by
cardiac puncture or from the superior vena cava. The blood was
allowed to clot at room temperature and then spun on a bench
centrifuge for 10 minutes at 2000 xg. The serum was removed
o
using a pasteur pipette and stored at -20 C until required.
2.3 HISTOLOGICAL PROCEDURES.
2.3.1. Preparation of tissue for light microscopy.
Samples of tissue for histological examination were
removed from the animal immediately after death and placed in
10% neutral buffered formalin for at least 2 weeks.
Following formalin fixation the tissue was dehydrated
through a series of alcohols increasing in concenc^ation
cleared in toluene and impregnated with molten paraffin wax.
The tissue pieces were then mounted in paraffin wax, and
sections 4 pm in thickness were cut, taken onto glass slides
o
and allowed to dry in an oven at 60 C for 1 hour.
2.3.2. Haematox^^lin and Eosin staining.
Sections were brought to water, stained in Harris' 
Haematoxylin for ten minutes then blued in running tap water. 
The sections were then differentiated by immersion in acid 
alcohol for approximately 5 seconds (sections now pinx) and 
blued with Scotts tap water. The sections were examined at this 
stage to ensure sufficient differentiation of stain. 
Counterstaining was by immersion for 4 minutes in aqueous
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eosin, the sections were rinsed in tap water dehydrated through 
graded alcohols (2 minutes in each concentration) cleared in 
Q^^ lene and mounted in DPX (British Drug Houses Ltd. Poole, 
Dorset.).
2.3.3. The Van Gieson stain for collagen.
Once formalin fixed sections were exit, they were brought 
to water (through jq^ lenes and graded alcohols) and rinsed in 
distilled water. The sections were then stained in Celestine 
Blue for 3 minutes, rinsed in distilled water and stained with 
Mayers Haemalum for 3 minutes. The nuclei were blued by washing 
in Scotts tap water for 30 seconds and then the sections were 
stained with Van Gieson solution for 2 minutes. After blotting 
dry, the sections dehydrated through graded alcohols,
cleared in xylene and mounted in DPX. The presence of collagen 
is indicated by pink/red staining.
2.3.4. Preparation of tissue for histochemical examination.
A freezing bath was prepared by half filling a
polystyrene surrounded plastic sandwich box with alcohol. A
beaker containing 30-50 ml of hexane was inserted into the bath
through a close fitting space in the lid of the box. Small
chips of cardice (carbon dioxide ice) were added to the bath
o
until a tempcjLdcure or -70 C nad been reached. The temperature
o
of the hexane was at least -65 C prior to use.
Tissue for freezing was cut into 0.5cm cubes and dropped 
into the hexane, care was taken to ensure that the tissue
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plunged straight into the hexane without touching the sides of
the beaker. The tisoie was left in the hexane for 2 minutes and
was then removed using pre-cooled forceps, excess hexane was
shaken from the sample and i t was trans ferred to a pre-cooled
vial containing a small piece of paper tissue to maintain
o
dryness. The tissue was stored at -80 C until cut.
The vial containing the piece of tissue to be cut was 
transfered to the cryostat cabinet which was maintained at -
o
30 C. A drop of OCT (BDH Poole, Dorset) was placed on a pre-
cooled chuck and the tissue placed on this, using cooled
forceps, before it hardened, securing the tissue to the chuck.
o
The vial was then returned to storage at -80 C to preserve 
other tissue remaining in the vial. The chuck was placed in 
position for cutting with the block orientated so that there 
was a right angle of the tissue lying closest to the knife. 
Once the tissue had been suitably trimmed, the anti-roll plate 
was positioned against the knife so that it allowed the section 
(8 pm), once cut to slide beneath it, without curling up. The 
sections were taken onto glass slides and stored in the 
cryostat until used.
2.3.5. Histochemical staining for 7 -glutamyl transpeptidase
 ^ activity.
Method according to Pearse (1972)
o
Frozen sections either freshly cut or stored at -20 C for a 
maximum of 24 hours were employed. The incubation medium was 
prepared as follows:
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0.5ml suspension of N-Y-L-glutæryl naphthylamide (Koch-Light 
Laboratories ) 4mg/ml in acetone.
0.5ml aqueous glycylglycine 20 mg/ml.
10.0ml Tris buffer O.lM pH 7.2.
15mg Fast Garnet GBC salt.
The sections were incubated in the medium for 30 minutes at 
room temperature, then rinsed in distilled water. The nuclei 
were counterstained by immersion of the slides into Mayers 
Haemalum for 5 minutes prior to rinsing in distilled water and 
mounting in glycerine jelly. Slides were assessed immediately 
since fading of the stain occurs rapidly.
2.3.6. Histochemical staining for alkaline phosphatase
activity.
Method according to Chayen, Bitensky and Butcher (1973).
Solutions required:
Incubation medium (pH 9.4) containing
10 mis 2% Barbitone sodium.
lOmls 3% Sodium-jS-glycerophosphate
20mls 2.7% Calcium chloride.2H O
2
1ml 5% Magnesium sulphate.7H O
2
5mls Distilled water 
Control medium containing all the above but replacing the 
souxum-p-yiyceropnosphate with distilled water.
0.5% Ammonium sulphide
Duplicate sections were incubated in the freshly prepared test 
, o
or control incubation medium for 45 minutes at 37 C. The
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sections were then washed in running tap water for 5 minutes 
and rinsed in distilled water. The sections were then immersed 
in 0.5% ammonium sulphide solution for 1 minute washed in 
distilled water, counterstained with methylene blue and mounted 
in glycerine jelly.
2.4 PREPARATION OF SAMPLES FOR ELECTRON MICROSCOPY.
Method according to Mann et al (1985).
All electron microscopy chemicals were obtained from Taab 
Laboratories, Reading, England
2.4.1. Preparation of small sections.
Tissue for fixation was cut into 1mm cubes using a disposable 
microtome blade. The cubes were initially fixed in 4%
glutaraldehyde (E M grade) buffered with O.lM sodium cacodylate 
pH 7.4 for 4 hours at room temperature, tissue was then washed 
in the cacodylate buffer for 18 hours. The tissue was then 
counter fixed by immersion in 2% osmium tetroxide buffered with 
O.lM sodium cacodylate buffer for 1 hour. Dehydration of the 
tissue was by immersion into 25%, 50%, 75%, 90% and absolute
-'T'^ ohol, the tissue was left in contact with ♦*he 
at least 10 minutes and each dehydration stage was performed in 
duplicate. The tissue was the transferred to a 1:1 propylene 
oxide (Fisons Ltd. Loughborough ) absolute alcohol mix before 2 
changes of propylene oxide alone. Finally the tissue was placed
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for 1 hour in a mix of 1:1 propylene oxide, Epon 812 resin.
After this time the tissue was transfered using a microspatula
to an embedding capsule which had been filled with the resin.
Care was taken to ensure that the blocks were placed below the
surface of the resin to ensure that they sank to the bottom of
the capsule prior to polymerisation. Ther resin was polymerised 
o
in an oven at 60 C for 48 hours.
2.4.2 Preparation of large sections.
These were prepared in order to locate a portal tract prior to 
ultramicrotony to enable examination of whese areas at the 
ultrastructural level.
Tissue slices were cut 5mm x 1mm x 1mm and fixed in 4% 
glutaraldehyde buffered with O.iM sodiu caccxiylate pH 7,4 for 
8 hojrs. The tissue was then washed with the cacodylate buffer 
for 24 hours, the buffer was changed after the first hour. The 
slices were then dehydrated and processed as described for 
small sections previously. The tissue was embedded in flat 
bottom beam capsules (Taab Laboratories, Reading) to allow a 
large surface area for cutting.
A semi-thick section was then ait from the block (2pm) 
and stained with Mailorys stain (Richardson, Jarett and Finke 
1961). The section was examined under the light microscope and 
the portal areas were located, liiu i^ lock was then appropriately 
trimmed to ensure a section through at least one portal tract 
and cut and stained in the normal way.
Sections were cut at between 70 and 200nm and stained with lead
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citrate and uranyl acetate. They were then examined using a 
Jeol lOOB or a Phillips 400T electron microscope at nominal 
magnifications of x400 to xl7000,
2.5.MEASUREMENT OF BILIARY COMPOJENTS.
2.5.1. Assay of biliary v-glutaityl transpeptidase.
According to Rosalki, Ran, Lehman and Prentice (1970).
The assay is based upon the transfer of a "Y--glutamyl group 
from Y-glutairyl-p-nitroanilide to glycylglycine, thus 
liberating p-nitroaniline, via the activity of y-glutamyl 
transpeptidase( 7-GT)
T -glutanyl- P-nitroanilide + glycylglycine
P-nitroaniline + T-glutairylglycylglycine 
The rate .of formation of p ^nitroaniline is directly 
proportional to Y -GT activity and can be measured 
spectrophotometrically at 405nm. ,
Reagents:
Tris glycylglycine buffer pH 9. 6.06g Tris, 3.3g glycylglycine
in 400ml water adjusted to pH 9 prior to making up 
volume to 500ml.
Substrate solution. 0.178g Y -glutamyl- p-nitroaniline in 200
ml of tris-glycylglycine. The solution was heated to 
o
37 C to facilitate dissolution.
Standard solution. 0u00276g p -nitroaniline in 100 ml distilled 
water.
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35% (v/v) Acetic acid.
Duplicate tes*-, and blank assays were performed for each sample. 
See table 2.1 (below) for details:
Table 2.1. Preparation of glutairyl transpeptidase assay.
Test Blank Low High Substrate
Sample Sample Standard Standard Blank
Bile
(1/10) 0.16 0.16
Substrate 0.66 0.66
Buffer 0.66 0.66 0.66
Std
Soln . 0.08 0.16
Water 0.08 0.16
TOTAL 0.82 0.82 0.82 0.82 0.82
(mis)
Incubation was for 120 minutes at 37oC. After this was complete
0.33 mis of 35% acetic acid was added to each tube to stop the
reaction. The tubes were cooled on ice and centrifuged at
2000xg for 10 minutes to precipitate protein if required. The
absorbance was then recorded at 405nm on an LKB 
Vio/ uv spectrophotometer.
The activity of Y GT was calculated using the following 
equations:
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The Specific absorbance of luM nitroaniline (SA) was 
calculated:
SA=
(Mean absorbance of high std + 2x mean absorbance low std) x 5
y GT activity=
-1 “1
(T-B-SB) x2 = pmol min ml
SA X incubation time
where T = mean absorbance of test assay
B - mean absorbance of appropriate blank assay
SB = mean absorbance of substrate blank
SA = specific absorbance. - 
The ratio of absorbance of high std/low std was always within 
the specified limits of 1.8 2.2.
2.5.2.Immunoelect^phoresis to monitor biliary protein profile. 
(After Axelsen, Kroll and Weeke, 1973).
Reagents:
Tank buffer. 3 litres of barbitone acetate buffer (4.52g 
barbitone, 35.5g barbitone sodium, 26g sodium acetate in 
4 L distilled water pH to 8.6) diluted with 2 litres of 
distilled water.
1% agarose in barbitone acetate buffer
Coomassie brilliant blue stain. 450ml 96% ethanol, 450ml
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distilled water, 100ml glacial acetic acid, mixed 
together with 5g of coomassie brilliant blue R dye. The 
solution was then left to stand overnight and filtered 
before use.
Destainer. 450ml 96% ethanol mixed with 450ml distilled water 
and 100ml glacial acetic acid.
0.9% sodium chloride.
AntiFSC Donated by Dr J Peppard.
For details of preparation 
see Orlans ^  al (1979)
AntilgA Donated by Dr J Peppard.
AntiAlbumin (Dako laboratories)
2.5.2.1 Rocket iimunoelectrophoresis.
The electrophoresis .ank was filled with the tank buffer, 
care was taken to fill both sides of the tank to the same 
level, and the agarose solution was heated to facilitate 
dissolution of the agarose powder. The antiserum against the 
protein being assayed was pipetted into a 12ml test tube at the 
appropriate concentration ( 0.4% for anti albumin, 0.3% for 
anti FSC and 0.3% for anti IgA) and the agarose added to it
o
once it had cooled to 56 C. The final volume in the tube was 
then 10 ml. The solution was mixed by inversion and poured onto 
a clean glass plate and then allowed to set. Once set 8-10 
holes were c ,;m tn- bottom edge of the plate
approximately 1cm apart. The plates were placed on the cooling 
platten and the wicks ( whatman no. 1 filter paper 46 x 57 cm 
folded to give 4 layers) were placed at either end of the plate 
after being soaked in tank buffer. 5 pi of each sample was
 ^ .s
Electrophoresis plate
Vick
Perforated plate
C N
■Buffer
'Electrode
Cooling plattem
PIGIJEE 2.1. Arrangement of the electrophoresis tank.
then pipetted into a well and the lid placed on the tank (Fig 
2.1). The leads from the power pack were connected so that the 
saitples lay close to the negative electrode. The power pack was 
adjusted to give a constant voltage of 40 volts and 
electrophoresis was continued for 24 hours.
2.5.2.2. Crossed (2-D) immunoelectrophoresis.
The electrophoresis tank was prepared and plates poured as
described earlier however, no antiserum was included in the
gel. 2 holes were cut 1.5 cm from each of the lower corners of
the plate and the plates were placed on thé cooling platten. A
drop of bromophenol blue was added to the right hand well of
each plate and 5 pi of sanple was added to the other well of
each plate. The leads from the power pack weie tiien connected
such that the sanples lay close to the negative electrode. The
power pack was adjusted to give 200V across the plates.
Electrophoresis was continued until the bromophenol blue
tracker dye reached the far end of the plate, the power was
then switched off and the plates removed. The gel on each plate
was then cut parallel to the sanple track appoximately 0.5 cm
from the sanple well and the agarose was scrapped off. The
o
uncoved part of the plate was the repoured with 8 mis of 56 C 
agarose prepared as described in 2.5.2.1 containing 2.5% anti 
rat bile anti serum. The plates were allowed to set then 
electophOresis was performed by connecting the negative 
electrode lead closest to the sanple track. A constant voltage 
of 45 volts was applied for at least 16 hours.
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2.5.2,3 Split gel iimunoelectrophoresis.
The first stage of the process was performed exactly as for 
conventional 2-D electrophoresis as described in section
2.5.2.2. However once the first layer of gel was cut and 
removed the plate was poured with gels containing 2 different 
antisera .
The top half of the plate was covered with a brass 
separator and 3ml of the gel containing, in this case, anti FSC 
was poured between the gel remaining on the plate and the 
separator (Fig. 2.2). Once this gel had set, the separator was 
removed carefully from the plate and the remaining top half of 
the plate was poured with 4ml of rabbit rat anti serum.
The plate was then placed in the electrophoresis tank and run 
as for the second stage of 2-D electrophoresis as described 
earlier (section 2.5.2.2).
2.5.3. Assay of total biliary calcium levels.
Reagents.
0.1% w/v acidified lanthanum chloride solution.
Standard calcium nitrate solution 24.9 mmol./L
20 pi of bile was diluted with 1.2ml of the lanthanum chloride 
solution immediately after the bile solutions has been 
thoroughly mixed. It was found to be inperative to mix the bile 
sanples thoroughly immediately prior to aliquoting since the
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STAGE 1
►
Sample n m  in this direction.
Remove this portion
STAGE 2
Brass divider
Pour 4 mis. gel with 
1st antiserum.
STAGE 3
1
Pour 4 n^ ls gei w i th 
2nd antiserum.
PIGTJRE 2.2.
STAGES IN 2-D ELECTROPHORESIS
calcium bound protein precipitated rapidly and very poor 
duplication of the sanples occurred.
The concentration of calcium in the solution was then 
measured by using an IL353 atomic absorption emission 
spetrophotometer with a calcium lanp and the wavelength set at 
423 nm. The attached pen recorder was set at maximum deflection 
with the top calcium standard, a steady baseline was then 
obtained before aspirating the sanples into the flame. A 
standard curve was run after every ten bile sanples (20 
duplicates) to correct for baseline drift. The calcium 
standards ranged from 1.5 - 5.0 mmol./L and biliary calcium 
levels were calculated from the appropriate standard curve.
2.6 DEVELOPMENT OF A METOOD FOR THE MEASUREMENT OF ANIT AND 
POTENTIAL METABOLITES IN BILE.
A method was developed to measure the biliary 
concentration of ANIT and any detectable metabolites in bile. 
ANIT and a purported metabolite ^ -naphthylamine (Sigma Chemical 
Co. Poole Dorset) were used to develop a high performance 
liquid chromatography (HPLC) detection system for these two 
conpounds.
Initially a separation system was optimised using a 
reverse phase 10 cm 5p ODS column (Jones Chromatography, 
T*7ales) and a Cecil uv^vi5 spectrophotometer at a wavelength of 
307nm. A system was developed which gave a good separation of 
both ANIT and ^-naphthylamine with an acceptable column 
retention time. It was found that 70% acetonitrile (HPLC grade 
May and Baker,Dagenham) 30% phosphate buffer pH 5 was the most
■ ■  : .
suitable for this, with retention times of 1.6 minutes and 6.5 
minutes for a-naphthylamine and ANIT respectively at a flow 
rate of 1ml per minute and a punp pressure of 100-200 psi.
An extraction system was then developed to remove the 
corrpounds from bile. A standard solution was made up comprising 
250pg of both ANIT and a-naphthylamine/ml HPLC grade methanol 
(May and Baker Dagenham) and this was spiked into control bile 
sanples. A variety of solvents was then screened to find which 
gave the optimim recovery of both conpounds. It was found that 
extraction with diethyl ether gave the highest percentage 
recovery as compared with the non-extracted standard, 
approximately 90-95%, and thus this was adopted as the solvent 
for extraction of ANIT and a-naphthylamine from bile.
2.6.1. Measurement of ANIT and -naphthy land ne in the bile of
ANIT-treated or control rats.
100 pi of the bile sanple to be measured was aliquoted 
into a 10 ml glass test tube. 1ml of diethyl ether (BDH Poole 
Dorset) was added to this and the tubes were vortex mixed 
thoroughly. The tubes were then allowed to stand briefly to 
allow the solvent and aqueous layers to separate then the upper 
solvent layer was carefully removed using a pasteur pipette 
into a clean glass tube. The ether was evaporated to dryness 
under oxygen-free nitrogen in a fume cupboard and the sanple 
was redissolved in lOOul of the mobile f^ase (70% acetonitrile, 
30% phosphate buffer 5). The sanple was then loaded into 
small inserts for the Waters wisp automatic sampler and this
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was programmed to automatically inject a 50 yl sanple onto the 
column. A 12 minute run time was allowed for each sanple, to 
ensure that nothing was left on the column prior to the 
injection of the next sanple (minimum run time had been 
established as approximately 10.5 minutes). The flow rate of 
eluant was maintained at Iml/min and ANIT and a-naphthy land ne 
concentrations in bile were calculated by measuring peak area 
and using standard curves for ANIT and a-naphthy land ne using a 
range of concentrations of 0.0625-2.5 ug/ml bile .
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3. RESULTS.
3.1 INVESTIGATION OF THE DEVELOPMENT OF THE ANIT-INDUCED
LESION.
The aim of the study was to examine the development of 
the hepatic lesion induced by treatment of rats with 300mg/Kg 
ANIT. A preliminary study showed that early ANIT-induced 
changes were evident at light microscope level at 8 hours after 
dosing, thus the main study centred upon early time points 
after administration of ANIT or the vehicle, olive oil.
Animals were sacrificed at 2, 4, 6, 8, 24 and 48 hours after
the administration of 300mg/Kg ANIT (as a 60mg/ml solution in 
olive oil) or olive oil alone, and the development of the 
lesion was monitored in both hepatocytes and portal areas using 
pathological and biochemical techniques.
3.1.1 Pathological examination of livers from rats treated with 
ANIT.
3.1.1.1. Light microscopic examination of livers from rats 
treated with ANIT.
Paraffin-embedded sections from control and ANIT treated rats
were stained with Haematoxylin and Eosin. The sections from the
livers of rats taken up to 6 hours after ANIT treatment showed
no differences frcan the control sections. At 6 hours after ANIT
administration, although there appeared to be no effects on the
hepatocytes there was visible disorganisation of some bile duct
lining cells "urrounding a number of bile ducts within the
sections. In addition, there were many inflammatory cells
surrounding the portal tracts and in some areas there was
evidence of oedema. None of these changes were visible in the
appropriate control sections (Fig. 3.1a and b).
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FIGURE 3.1a. Micrograph of a Haematoxylin and Eosin stained 
section of rat liver after control treatment with olive oil.
magnification x 32.
FIGURE 3.1b. Micrograph of a Haematoxylin and Eosin stained section
of rat liver 6 hours after the administration of ANIT (300mg/Kg. ). 
Oedema (arrowed) is evident around the portal tract and 
there is cellular infiltration (C) and some disorganisation 
of the cells lining the bile duct. Magnification x 32.
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By 8 hours after dosing, in some bile ducts, pycnotic 
bile duct lining cells were visible sloughing off into the 
lumen of the bile duct. Generally there was a greater degree of 
disorganisation of the usually regular arrangement of cuboidal 
epithelial cells surrounding the bile duct lumen (Fig. 3.1c), 
again other portal tracts in the section, and the hepatocytes 
appeared normal. As at 6 hours, an inflammatory response was 
evident in almost all portal tracts.
24 hours after a single dose of ANIT all the bile ducts 
within the section were completely destroyed. In some areas the 
basement membrane of the bile duct was still visible but in
most cases it appeared that the duct had been completely
destroyed, that bile had escaped from the portal tract and even 
the hepatocytes surrounding the portal tract had been destroyed 
(Fig. 3.Id). In addition focal necrosis was evident in the 
parenchymal tissue. Again the tissue from olive oil treated 
animals showed no abnormalities.
At 48 hours after treatment with ANIT the liver was 
showing signs of repair. Hepatocytes within the sections showed 
an almost normal appearance with just slight vacuclation 
observed in some areas and the epithelium of the bile duct was
seen to be regenerating with the ducts being lined with a
flattened epithelial layer.
üistôchemical stain.'. .1 -1 n tissue was
employed to examine the bile duct cell and hepatocyte changes 
in more detail, the same time points were studied.
"Y rglutamyl trannspeptidase is an enzyme which is 
localised at the apical face of the bile duct lining cell
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FIGURE 3.1c. Micrograph of a H and E stained 
section of rat liver 8 hours after the 
administration of ANIT. Note the disorganisation 
of the cuboidal epithelial cells lining the bile 
duct and the sloughing of a bile duct cell into 
the lumen. Magnification x 320
FIGURE 3.Id. Haematoxylin and Eosin stained section
24 hours after the administration of ANIT. The bile 
duct has been coirpletely destroyed and bile has 
leaked into the surrounding tissue destroying the 
surrounding hepatocytes (H). Focal necrosis is also 
evident. Magnification x 32
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FIGURE 3.1e. Haematoxylin and Eosin stained micrograph
of rat liver 48 hours after the administration of ANIT. 
The flatness of the bile duct epithelial tissue 
signifies the regeneration of the bile duct (B).
Magnification x 80.
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where it is responsible mainly for the cleavage of the glutamyl 
moiety from glutathione and glutathione conjugates which are 
excreted into bile. In control (olive oil treated) animals 
the reddish-brown stain was spread evenly over al3 bile duct 
lining cells and hepatocytes (Fig. 3.2a). At 6 hours after 
dosing with ANIT the cells which lined some bile ducts showed a 
loss in intensity and even^ss of stain (Fig. 3.2b) suggesting a 
loss of T - glutanyl transpeptidase from these cells, the 
hepatocytes however showed no visible loss ofYGT activity.
At 8 hours after dosing with ANIT the previously observed 
loss of staining in the bile duct lining cells had increased 
and the cells were showing evidence of disorganisation (Fig. 
3.2c) as also seen in the H and E stained ANIT treated 
sections. Again there was no associated loss of activity ofY­
GT in the hepatocytes.
Alkaline phosphatases are a range of enzymes generally 
acting on monoesters of orthophosphoric acid and have been 
implicated in the maintenance of the intra-cellular phosphate 
concentration. There are several isoenzymes but normally these 
show little specificity. However, in rats «-glycerophosphate is 
not hydrolysed by the normal enzyme (which acts on artificial 
substrates such as p-nitophenyl phosphate or a-naphthyl 
phosphate) but is hydrolysed by a special enzyme normally 
present at very low concentration in hepatocytes although it is 
induced on cholestasis. This enzyme is frequently located in 
the endothelium of blood vessels and recently Desmet (oral 
communication 1986) has suggested that in liver tissue the 
visible alkaline -glycerophosphatase staining which occurs
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FIGURE 3.2a. Micrograph of rat liver treated with
olive oil and stained histochemically forV-GT 
activity. The brick red stain is indicative of 
the enzyme activity and is evenly distributed 
both within hepatocytes (H) and bile duct lining 
cells (B). A= artery. Magnification xl28.
The light staining observed in the artery in 
this section is believed to be artifactual
FIGURE 3.2b. Micrograph of rat liver 6 hours 
after the administration of ANIT. The 
histochemical staining for V-GT activity 
shows that conpared to control tissue there 
is a loss of activity in the cells surrounding 
the bile duct (B) but apparently no loss in the 
hepatocytes (H). Magnification x 128.
V = branch of hepatic vein.
99
Ir \ K
FIGURE 3.2c. Micrograph of rat liver 8 hours after
dosing with ANIT and stained for V-GT activity. 
There is a loss of activity of the enzyme from the 
bile duct lining cells (B) as conpared with both 
control and 6 hour ANIT treated tissue.
Magnification x 80.
A = branch of hepatic artery.
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around the biliary tract is due to the network of capillaries 
which constitute the biliary plexus. Alkaline phosphatase is 
therefore a usefiil marker of general damage to the portal tract 
if this damage also includes the capillary network surrounding 
the duct.
Liver from control olive oil treated animals stained for 
alkaline phosphatase activity showed intense black staining to 
occur around the bile duct (Fig. 3.3a). At 6 and 8 hours after 
dosing with ANIT however, the intensity of the stain was very 
variable with an apparent loss of intensity at some bile ducts 
(Fig 3.3b and d) and very high intensity at others (Fig 3.3c). 
Variations in the length of incubation, freshness of solutions 
and tisaie did little to inprove this inconsistency in 
st>J i.: .*g. It was therefore almost iirpossible to interpret tr 
staining in tissue from animals treated with ANIT for 6 and 8 
hours. There was no systematic difference between experimental 
and control sections and hence the toxicity of ANIT towards 
bile duct lining cells is mediated by an indirect mechanism 
which includes damage to the peribiliary venous plexus. It was 
possible to observe however that at 24 hours after treatment 
with ANIT there was a great reduction in the amount of staining 
which is consistant with the H and E evidence that the majority 
of bile ducts and much surrounding tissue are destroyed at this
L. ^vOint.
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FIGURE 3.3a. Micrograph of rat liver treated with
olive oil and stained histochemically for Alkaline 
Phosphatase (APj activity. The intense black 
staining (arrowed) around the bile duct (B) indicates 
the presence of AP.
Magnification x 80.
FIGURE 3.3b. Micrograph of rat liver 6 hours after the 
administration of ANIT and stained for AP activity.
In this portal tract there is intense staining only 
around some of the bile duct (arrowed) indicating 
a possible loss of AP activity. Magnification x 128.
102
4*^ .. *f. '«" #, t
 ^. ^k ,  ,„w,.g.Mr, i A
FIGURE 3.3c. Micrograph of rat liver 6 hours after the
administration of ANIT. In contrast to Fig. 3.3b the 
AP staining is very intense around the bile duct (B).
Note the staining around the artery which is lying around 
the outside of the vessel and is probably artefactual. 
Counterstained with methylene blue. Magnification x 80.
FIGURE 3.3d. Micrograph of rat liver 8 hours after the
administration of ANIT. Showing a loss of AP s t a i m ’n n  
p jnd the bile duct (B). Counterstained w«th methylene 
blue. Magnification x 80.
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3.1.1.2. Ultrastructural examination of the livers of rats
treated with ANIT.
The livers of both control and ANIT treated rats were 
examined by transmission electron microscopy at 2, 4, and 6
hours after dosing, with special attention being placed upon 
early changes in bile duct lining cells versus hepatocytes.
Control hepatocytes showed the normal morphological 
appearance (Fig.3.4a). The mitochondria appeared a little dark 
however, close examination allowed identification of cristae
and the double membrane structure of the organelle in most
cases. Rough endoplasmic reticulum (RER) was w^ll stacked and 
the cells in general appeared well preserved. It was observed 
that there was a loss of glycogen in the large section control 
and treated sections and this has been attrib. .. to the extra 
time that the tissue was immersed in glutaraldehyde to ensure 
fixation of the large sections. The control bile ducts also
showed good fixation (Fig» 3.4b). The cells were well preserved 
showing prominent golgi apparatus in many cells (a fairly 
common feature of bile duct lining cells) and normal 
mitochondria. The nuclei of the bile duct lining cells had a 
characteristic indentated or convoluted surface which the 
nuclear membrane followed very closely, and at the boundary of 
the cell with its neighbour the plasma membranes of the 2 cells 
were extrememly convoluted. Ine cignt jUi.^ cxon Ckvnplexes 
between the cells sealing the lumen of the bile duct were 
clearly visible as dark staining stuctures and microvilli were 
prominently jutting into the lumen of the duct.
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FIGURE 3.4.
Electron micrographs of liver from control and ANIT treated 
rats stained with lead acetate and uranyl acetate.
KEY: B Bile duct. L Lumen
C Collagen M Mitochondrion
Ca Canaliculus MV Microvilli
ER Rough endoplasmic Reticulum N Nucleus
G Golgi Apparatus P Nuclear Pore
H Hepatocyte S Sinusoid
HC Heterochromatin TJ Tight Junction
The bar on each micrograph represents 1 pm.
a) Control hepatocyte showing normal morphological structure, 
even stacking of rough endoplasmic reticulum, well preserved 
mitochondria and some glycogen.
b) Control bile duct showing bile duct lining cells with good 
organelle preservation, microvilli protruding into the lumen of 
the duct, prominent golgi apparatus and ci ;ijghly invaginated 
nucleus. The tight junction coirplexes are darkly stained and 
sealed tightly.
c) Portal area 4 hours after the administration of ANIT. The 
periportal hepatocytes show no abnormalities, however there 
appears to be a loss of microvilli from the bile duct lining 
cells in the duct.
d) Bile duct 4 hours after the administration of ANIT. The 
lumen of the duct is dilated and there is a loss of microvilli 
from the bile duct lining cells.
e) The tight junction coitplex beH.r^ i-an bile d>,*ct lining cells 4 
hours aftei the administration of ANIT. the looS of dark
staining arcund the junction conplex and the visible opening 
between the two cells.
f) Bile duct 6 hours after the administration of ANIT. There is 
opening of the tight junction complexes and vésiculation 
between the nucleus and its nuclear membrane (arrowed).
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Figure 3.4. cont*d.
g) Bile duct 6 hours after the administration of ANIT. the bile 
duct lining cells seem to have lost the characteristic 
invaginated nucleus and there is condensation of the nuclemr 
chromatin. There is also a loss of organelle structure within 
the cytoplasm of the bile duct lining cells, generally there is 
an appearance of pyknosis in the cells.
h) The lumen of a bile duct 6 hours after administration of 
ANIT. All the tight junction conplexes appear to have lost 
their integrity (arrowed). Cellular organisation has been lost 
also.
j) Portal region 6 hours after the administration of ANIT. The 
periportal hépatocytes appear normal. There is stacking of RER, 
much lipid and good preservation of mitochondrial and canalicular 
regions.
k) Canalicular region of hepatocytes 6 hours after ANIT 
administration. There is a loss of integrity of the tight 
junction in the canaliculus, however, generally hepatocyte 
structure appears normal.
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At 2 hours after dosing with ANIT there appeared to be no 
differences between treated and control animals in either 
hepatocytes or in the bile duct lining cells.
At 4 hours after dosing there were no visible changes in 
hepatocytes, canalicular regions or other cell types in the 
liver with the exception of the bile ducts (Fig. 3.4c). 
Definite changes were visible in some of the bile ducts 
examined. The lumen of the duct was dilated and there was a 
loss of the microvilli which protrude into the lumen (Fig. 
3.4d), in addition,in some cases the nuclear membrane appeared 
very prominant and in one case (Fig. 3.4d) appeared to have 
separated from the nucleus in one area. It was also observed 
that in 2 of the bile ducts examined some of the tight junction 
coirplexes were visibly open (Fig.3.4e) and the ' characteristic 
dark staining around them had been lost. In contrast to this 
however, some other bile ducts showed no apparent changes.
At 6 hours after dosing there were a variety of changes 
observed within the bile duct and its lining cells. In some 
cases there were severe changes, in others, changes were nuch 
milder. Some of the most severe changes were in the nucleus of 
the bile duct lining cell and involved detatchment of the 
nuclear membrane and vesicularisation between the membrane and 
the nucleus (Fig. 3.4f), in many cells there appeared to be a 
condensation of the heterochromatin within the nucleus and the 
nuclear pores were nuch more visible. In addition many of the 
nuclei of these cells had lost their characteristic invaginated 
appearance and resembled the pycnOtic cells observed sloughing 
at 8 hours by light microscopy. Generally the cells were
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lacking in organisation and in some cases showed a loss of 
organelles (Fig. 3.4g). The less severe changes observed in 
other bile ducts included enhanced prominence of the nuclear 
membrane and some disorganisation of Cell contents. In all the 
bile ducts examined however it was apparent, where the plane of 
section allowed examination, that there was a loss of integrity 
of the tight junction corrplex between the bile duct lining 
cells and a gap between the cells was clearly visible (Fig. 
3.4h).
The hepatoctyes both immediately surrounding the portal 
tract and closer tj cental vein areas were also closely 
examined at 6 hours after administration of ANIT. There were no 
major toxic effects observed, however there was some 
vesicular]sarion of RER in a small number of hepatocytes and in 
some canaliculi there was a loss of the tight junction 
integrity also. However this was observed only in animals 
showing the most severe biliary toxic effects (Fig.3.4j).
3.1.2. Biochemical changes after treatment of animals with 
300mg/kg. ANIT.
The pathological evidence presented suggested that an 
early target for the toxicity of ANIT might be the bile duct 
lining cells and the tight junction couplex between them. To 
investigate this t»i,ochemically^ . excretion of biliary T-GT was 
monitored in control animals and in animals which had 
been treated with ANIT.
The biliary T-GT levels in the ANIT treated animals (n=5) were
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found to be significantly higher than the levels observed for 
the control animals (n=4) at all time points examined (Fig 
3.5) between 4 and 8 hours after dosing (Wicoxon test), this 
was consistant with the loss of Y-GT from the bile duct lining 
cells which was observed histochemically.
To examine biochemically the effect of ANIT on the 
transport of proteins from blood to bile, the concentrations of 
albumin, a protein found in greater concentration in serum than 
bile, IgA an iimunoglobulin which is concentrated in bile after 
being transported across the cell with its receptor, free 
secretory corrponent (FSC) which located at the sinusoidal face 
of the cell were monitored in bile. Any increase in the 
concentrations of these conpounds in bile will indicate either 
increased permeability of the tight junctions between 
hepatocytes i.e. an increase in movement via the paracellular 
pathway or effects on intracellular transport.
The concentrations of the conpounds were assayed in a 
qualitative fashion using 1-dimensional imnunoelectrophoresis 
against the appropriate antisera as described in section
2.5.2.1. The results (table 3.1) showed that the concentration 
of albumin in bile (Fig. 3.6a) increased with time after 
treatment with ANIT and was above the control values in all 
cases. No significant differences were detected between control 
and treated rats in the concentration of FSC (Fig. 3.6b), 
however there appeared to be a decrease in the concentration of 
biliary IgA levels (Fig. 3.6c) after treatment with ANIT. This 
latter result semed rather inconsistant with the idea that FSC 
acts as a receptor for IgA and that they are excreted into bile
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\FIGURE 3.6a. Rocket iimunoelectrophoresis of biliary 
albumin concentrations using 0.4 % rabbit anti-rat 
antiserum, to investigate tight junction permeability 
in control and ANIT treated rats.
PLATE 1. ANIT TREATED ANIMALS.
animal 1 a) 
b)
animal 2 c) 
d)
animal 3
7 hours after
8 hours after
6 hours after
7 hours after
e) 8 hours after
f)
g)
hours after 
hours after
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
PLATE 2. ANIT TREATED ANIMALS.
animal 3
animal 4
animal 5
a)
b) 
c'
d)
e)
7 hours
8 hours
5 hours
6 hours
7 hours
f) 8 hours
g)
h)
i)
hours
hours
hours
j) 8 hours
after
after
after
after
after
after
after
after
after
after
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
PLATE 3. CONTROL ANIMALS (OLIVE OIL DOSE).
animal 1 a) 7 hours after dosing.
b) 8 hours after dosing,
animal 2 c) 5 hours after dosing.
d) 6 hours after dosing.
e) 7 hours after dosing.
f) 8 hours after dosing.
g) 5 hours after dosing.
PLATE 4. CONTROL ANIMALS (OLIVE OIL DOSE).
animal 3 a) 6 hours after dosing.
b) 7 hours after dosing.
c) 8 hours after dosing,
animal 4 d) 5 hours after dosing.
e) 6 hours after dosing.
f) 7 hours after dosing.
g) 8 hours after dosing.
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FIGURE 3.6b, Rocket imnunoelectrophoresis of biliary 
FSC concentrations using 0.3% rabbit anti-rat antiserum, 
in control and ANIT treated rats.
PLATE 1. ANIT TREATED ANIMALS.
animal 1 a) 6 hours after dosing
b) 7 hours after dosing
animal 2 c) 8 hours after dosing
d) 6 hours after dosing
e) 7 hours after dosing
animal 3 f) 8 hours after dosing
g) 5 hours after dosing
h) 6 hours after dosing
2. ANIT TREATED ANIMALS *
animal 3 a) 7 hours after dosing
b) 8 hours after dosing
animal 4 c) 5 hours after dosing
d) 6 hours after dosing
e) 7 hours after dosing
f) 8 hours after dosing
animal 5 g) 5 hours after dosing
h) 6 hours after dosing
3. ANIT TREATED ANIMALS.
animal 5 a) 7 hours after dosing
b) 8 hours after dosing
CONTROL ANIMALS (OLIVE OIL DOSE).
animal 1 c) 7 hours after dosing.
d) 8 hours after dosing,
animal 2 e) 5 hours after dosing.
f) 6 hours after dosing.
g) 7 hours after dosing.
h) 8 hours after dosing.
PLATE 4. CONTROL ANIMALS (OLIVE OIL DOSE).
animal 3
animal 4
a)
b)
c)
d)
e)
f)
g)
h)
5 hours after
6 hours after
7 hours after
8 hours after
5 hours after
6 hours after
7 hours after
8 hours after
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
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FIGURE 3.6c. Rocket imnunoelectrophoresis of biliary 
IgA concentrations using 0.3% rabbit anti-rat antiserum, 
in control and ANIT treated rats.
PLATE 1. CONTROL ANIMALS (OLIVE OIL DOSE).
animal 1
animal 2
animal 3
a) 7 hours after
b) 8 hours after
c) 5 hcurs after
d) 6 hours after
e) 7 hours after
f) 8 hours after
g)
h)
hours after 
hours after
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
PLATE 2. CONTROL ANIMALS (OLIVE OIL DOSE).
animal 3 a) 7 hours after dosing.
b) 8 hours after dosing,
animal 4 c) 5 hours after dosing.
d) 6 hours after dosing.
e) 7 hours after dosing.
f) 8 hours after dosing.
ANIT TREATED ANIMALS, 
animal 1 g) 7 hours after dosing.
h) 8 hours after dosing.
PLATE 3. ANIT TREATED ANIMALS.
animal 2
animal 3
a) 5 hours after
b) 6 hours after
c) 7 hours after
d) 8 hours after
e) 5 hcurs after
f) 6 hours after
g) 7 hours after
h) 8 hours after
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
PLATE 4. ANIT TREATED ANIMALS.
animal 4
animal 5
a) 5 hours after
b) 6 hours after
c) 7 hours after
d) 8 hours after
e) 5 hours after
f) 6 hours after
g) 7 hours after
h) 8 hours after
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
dosing.
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as a conjugate. However, this is not the first, time that 
increased biliary IgA and albumin has been observed with no 
effect on biliary FSC since this phenomenon has been observed 
by Lowe et ^  (1985) in animals treated with ANIT. This anomaly 
may be explained by mis-sorting occuring in the hepatocytes 
with the FSC being discharged straight to the canalicular face 
of the hepatocyte rather than at the sinusoidal face first for 
conjugation with IgA.
Thus the results indicate that the primary target for 
ANIT hepatotoxicity may be the bile duct lining cell. An 
apparent target for the toxicity-of the corrpound may be the 
tight junction conplex between the bile duct lining cells since 
this cortplex appears to become increasingly leaky at some point 
in the biliary tree after the administration of ANIT.
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3.2. TSE INFLÜEÎÎCE OF METABOLISM ON IHE TOXICITY OF ANIT.
A study was designed to investigate the role of 
metabolism in mediating the hepatotoxicity of ANIT. The effect 
of induction of some of the major drug metabolising enzyme 
systems on the toxicity of ANIT and the role of gut micro floral 
metabolism were monitored . These experiments are described in 
detail in sections 3.2.1 and 3.2.2 respectively.
Male, University of Surrey Wistar rats (n=16) weighing 200- 
250g were dosed with phenobarbitone as described in section
2.1. 24 hours after the final dose of phenobarbitone 8 rats
were given a single 300 mg/kg body weight dose of ÀNIT by oral 
gavage and 8 were dosed with the vehicle olive oil. Immediately 
after dosing, 4 control and 4 ANIT treated rats were
anaesthetised and underwent biliary Cannulation. Bile was 
collected over 15 minute intervals for up to 5 hours and
assayed for biliary calcium, y -glutanyl transpeptidase and the 
biliary protein profile was examined by crossed 
electrophoresis. The remaining ANIT treated and control rats 
were left for 6 hours after dosing then the rats were
sacrificed and the livers rerroved weighed and processed for 
histological examination. The resulting sections were stained 
with Haematoxylin and Eosin and Van Giesons stain for collagen.
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3.2.1. The influence of phenobarbitone on the pathology of 
the ANIT induced lesion.
The livers of rats treated with phenobarbitone and ANIT 
were corrpared both with phenobarbitone and olive oil treated rats 
and with rats treated with ANIT but not pretreated with 
phenobarbitone.
Control olive oil treated, phenobarbitone induced, rats 
showed no pathological lesions although the bile duct lining 
cells did appear to be slightly enlarged. Some slight biliary 
effects may be expected with phenobarbitone since it is known 
to stimulate bile flow. However there were no obvious 
treatment-related etfects. In animals treated with ANIT alone, 
as discussed in section 3.1.1, at 6 hours after dosing there 
appear to be some changes to the bile ducts in the section,the 
major change observed being the disturbance of the normal 
regular arrangement of the cells around the duct (Fig 3.7a). In 
contrast to this the animals treated with ANIT and 
phenobarbitone showed severe hepatic damage. In 2 of the . 
animals the bile ducts in the sections examined were almost 
coupletely destroyed with in some cases, bile leaking into the 
surrounding tissue and causing the destruction of neighbouring 
hepatocytes. In other portal areas there was destruction of the 
bile duct but no apparent damage to neighbouring cells at all 
(Fig. 3.7b) in fact the basement membrane of the duct appeared 
to have remained intact. Generally the sections were very 
similar in the pattern of damage to those obtained at 24 hours 
after dosing with ANIT alone. In the other 2 treated and 
induced animals the effects observed were not quite so severe.
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There was severe damage to some ducts within the section with 
the loss of the bile ducts as described above, but this effect 
was not as consistant between portal tracts as seen in the 
animals mentioned previously. At other portal tracts there was 
obvious disruption of cells lining the bile ducts with some 
cells becoming pycnotic and sloughing into the lumen of the 
duct.
The Van Gieson stain for collagen was performed on the
control and ANIT treated induced liver sections and confirmed 
that, in a number of cases, although the bile duct had been 
destroyed the basement membrane was still in existence (Fig.
3.8a and b). This illustrates quite strongly the specificity of 
the toxicity of ANIT in the liver. Both the portal tract blood 
vessels: the artery and the vein remain unaffected by ANIT and
even the basement membrane surrounding the bile duct lining
cells is less susceptible to the toxin than the cells
themselves are.
It should be noted however that there was one major 
difference between the toxicity seen in induced and non-induced 
ANIT treated animals. In all the induced ANIT treated animals 
there was an absence of the parenchymal focal necrosis which 
was observed in non-induced animals at 24 hours after dosing 
with ANIT. Thus although in most cases the damage to bile ducts 
was much more severe than expected in non-induced animals at 
this time point, there is an obvious difference pathologically, 
in that no concomitant increase in damage to hepatocytes was 
observed.
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FIGURE 3.7a. Haematoxylin and Eosin stained
micrograph showing rat liver 6 hours after 
the administration of ANIT. There is disturbance 
Of the normal arrangement of cells around 
the bile duct (arrowed) but no major destruction. 
B = bile duct. Magnification x 80.
FIGURE 3.7b. Haematoxylin and Eosin stained
micrograph of rat liver 6 hours after the 
administration of ANIT but with phenobarbitone 
pretreatment. The scale of damage is much 
greater with total destruction of the bile duct. 
Magnification x 80.
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FIGURE 3.8a. Micrograph showing control liver stained
with the Van Gieson stain for collagen (pink staining 
fibres, arrowed), counterstained with Mayers Haemalum. 
B =bile duct. Magnification x 80.
FIGURE 3.8b. Micrograph showing liver 6 hours after
treatment with ANIT and pretreatment with phenobarbitone, 
stained with Van Gieson and Mayers Haemalum. Although 
the bile duct has been destroyed the basement 
membrane composed from collagen is still intact (arrowed). 
B = normal position of bile duct. Magnification x 80
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3.2.2. The influence of phenobarbitone and ANIT treatment on 
the biliary excretion of VGT.
3.2.2.1. YGT levels in animals induced with phenobarbitone.
The levels of Y -glutany 1 transpeptidase have previously
been shown to be elevated after treatment with ANIT. The 
influence of phenobarbitone induction on these levels was 
investigated as described earlier.
The controlY- GT levels observed with induced, olive oil 
treated animals were not significantly different to those 
observed in non-induced animals -  ^ ' ;. In the induced
ANIT treated animals however there was an increase in biliary 
Y^GT levels at all time points examined from 30 mins to 5 hours 
after dosing (Fig 3.9, Table 3.2) and these levels were 
generally higher than those observed with ANIT alone. Thus 
there is a greater loss of Y-GT from the bile duct lining cells 
at earlier time points after dosing with ANIT when animals have 
been pre-induced with phenobarbi tone. This is indeed as 
expected as it is consistant with the pathological evidence 
that there is increased destruction of bile duct lining cells 
at earlier times after induction of animals with 
phenobarbitone prior to ANIT treatment.
3.2.1.2. The biliary protein profile after treatment with
phenobarbitone and ANIT.
The biliary protein profile was examined using crossed 
imrmnoelectrophoresis (Fig 3.10a). Pooled bile sanples from 4- 
5, 5-6, 6-7 and 7-8 hours after dosing with ANIT were run using 
2.5% rabbit anti-rat bile antiserum (Dako). The results.show a 
steady increase with time in some of the biliary proteins. In
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particular, 2 proteins, one identified as albumin from its 
position and the previous work with rocket electrophoresis and 
another, possibly FSC were massively increased at 7-8 hours 
after dosing with ANIT.
The identity of the second protein was confirmed by 
running a split gel as described in section 2.5.2.3. After 
running the first phase, the area closest to the remaining gel 
was poured with 0.3% anti-FSC, the top area of the plate was 
poured with 2.5% anti-rat bile. It can be seen in figure 3.12b 
that the second peak has disappeared from the 2-D protein 
profile and has produced a rocket in the anti-FSC phase of the 
gel. The peak is therefore the FSC protein.
It is impossible to directly compare the 
immu noelectrophoresis results for induced and non-induced 
animals since 2 different types of electrophoresis were 
employed. However the results can be semi quantified, and it 
can be said that there is an increase in the concentration of 
some serum proteins in bile after ANIT treatment. The nature of 
proteins observed in bile indicate that there is increased 
permeability of the paracellular pathway after treatment with 
ANIT. There also appears to be some mis-sorting of the FSC 
protein after ANIT treatment. These phenomena are potentiated 
by pre treatment of animals with phenobarbi tone. Thus the 
leakiness of the tight junction complex appears to increase 
with increased metabolism of ANIT and may thus be a result of 
the formation of an active metabolite of ANIT. .
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TABIÆ 3.2. Biliary levels of Y-glutanyl transpeptidase in rats 
induced with phenobarbi tone and dosed with ANIT or olive oil.
TIME AFTER DOSING. PHENOBARBITONE INDUCED Y-GT LEVELS, 
/iml
CONTROL. ANIT TREATED.
255 1.77±0.23 2.5710.42
270 1.60±0.19 2.0010.30
285 1.48±0.18 1.9610.19
oori 1.52±0.30 2.1010.38
315 1.48±0.18 1.9610.19
330 1.69±0.31 2.5010.20
345 1.37±0.10 2.9510.57
360 1.5410.16 2.6310.50
375 1.69±0.24 2.11+0.59
390 1.4810.19 2.2010.40 ■
405 1.4010.16 1.8010.43
420 1.6310.15 1.9010.21
435 1.5910.20 2.2810.40
450 1.8610.10 1.93+0.23
465 1.6210.12 1.8310.26
480 1.6810.42 1.9710.42
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FIGURE 3.10a. -
2-Dimensional (crossed) irmunoelectrophoresis of bile from rats 
treated with phenobarbitone and ANIT.
PLATE 1. 4-5 hours after dosing with ANIT.
PLATE 2. 5-6 hours after dosing with ANIT.
PLATE 3. 6-7 hours after dosing with ANIT.
PLATE 4. 7-8 hours after dosing with ANIT.
There is a large increase with time after dosing ANIT of 
2 peaks, albumin (a) and possibly FSC (b).
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FIGURE 3.10b.
Split gel iiTïïTunoelectrophoresis of bile from rats treated 
with phenobarbitone and ANIT.
PLATE 1. 4-5 hours after dosing with ANIT.
PLATE 2. 7-8 hours after dosing with ANIT.
It can be seen that the peak identified as "b" in the 
previous figure appears to be FSC. The protein increases 
in biliary concentration after dosing with ANIT and 
phenobarbi tone. a=albumin, sc=free secretory component.
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3.2.2.3. Biliary calcium levels in animals treated with ANIT 
alone or induced with phenobarbitone prior to ANIT treatment.
Since physiological calcium levels require care&jl 
regulation to maintain tight junction integrity, biliary 
calcium levels Were monitored, to investigate whether 
interference in calcium metabolism may contribute to the 
toxicity observed with ANIT. The results are presented in 
tables 3.3a, b and c. There appear to be slightly elevated 
calcium levels at 0.5-2.5 hours after dosing ANIT over control 
values (Fig 3.11a). The values for calcium levels at 4-8 hours
after dosing with ANIT show a distinct difference between
control and treated rats (Fig. 3.11b). However, at this time, 
the calcium levels in the treated animals are lower than those 
observed in control animals.
It may be expected that an increase in biliary calcium 
would be observed since some is normally bound to albumin,
which has previously been shown to be elevated in the bile of
ANIT treated rats. However, biliary and serum plasma levels are 
physiologically very similar in calcium concentration, thus 
although an increase in albumin is observed via leakage from 
serum not all the calcium is albumin bound and thus a
concommitant rise may not be observed. There may be a change in 
the ratio of free:bound calcium in the bile of ANIT treated 
rats but this would not be detected by measurement with atomic 
absorption spectrometry since this only measures total Calcium 
levels.
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TABLE 3.3a. BILIARY CALCIUM LEVELS 0-4.5 HOURS AFTER DOSING 
ANIMALS WITH THE VEHICLE OR WITH ANIT.
MMOL CALCIUM/L .
MINUTES AFTER
DOSING. CONTROL ANIMALS ' ANIT TREATED ANIMALS
30-45 1.68 ± 0.20 1.20 ± 0.18
45-60 2.13 ± 0.35 1.18 ±0.10
60-75 1.68 ± 0.50 0.98 ± 0.10
75-90 1.40 ± 0.27 1.30 ± 0.30
90-105 1.33 + 0.30 1.23 ± 0.21
105-120 1.83 + 0.26 1.37 + 0.15
120-135 1.51 ± 0.20 1.12 ± 0.01
135-150 1.63 ± 0.16 1.17 ± 0.14
150-165 1.26 ± 0.20 1.23 ± 0.24
165-180 1.08 ± 0.04 1.21 ± 0.36
180-195 1.39 ± 0.13 0.91 ±0.17
195-210 1.37 + 0.08 1.08 t 0.23
2x0-225 1.10 + 0.05 1.35 ± 0.10
225-240 1.10 ± 0.08 1.03 ± 0.18
240-255 1.15 ± 0.07 0.98 ± 0.40
255-270 0.46 + 0.95
TABLE 3.3b BILIARY CALCIUM LEVELS 4-8 HOURS AFTER DOSING ANIMALS
WITH THE VEHICLE OR ANIT.
MMOL CALCIUM/L.
MINUTES AFTER
DOSING. CŒTROL ANIMALS ANIT TREATED ANIMALS
255-270 1.68 + 0.08 1.68 ± 0.16
270-285 1.54 + 0.09 1.79 ± 0.16
285-300 1.24 ±0.34 1.52 ± 0.08
300-315 1.33 ± 0.20 1.57 ± 0.10
315-330 1.21 ± 0.22 1.26 i 0.08
330-345 1.43 ± 0.15 1.46 ± 0.10
345-360 1.19 ± 0.07 1.23 ± 0.13
360-375 1.30 ± 0.05 1.58 + 0.15
375-390 1.15 ± 0.17 1.3/ t 0,0"'
390-405 . 1.45 ± 0.27 1.3b ± O.iu
405-420 1.32 ±0.16 1.56 + 0.30
420-435 1.12 ± 0.06 1.40 ± 0.18
435-450 1.06 + 0.12 1.31 ± 0.10
450-465 1.02 ±0.08 1.30 ± 0.10
465-480 0.88 + 0.05 1.21 + 0.09
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TABLE 3.3c BILIARY CALCIUM LEVELS IN PHENOBARBITONE 
TREATED CONTROL OR ANIT DOSED ANIMALS.
MMOL CALCIUM/L BILE.
MINUTES AFTER
DOSING. CONTROL ANIMALS ANIT TREATED ANIMALS
15-30 1.68 ± 0.08 1.68 ± 0.16
30-45 1.54 + 0.09 1.79 ±0.16
45—60 1.24 + 0.34 1.52 ± 0.08
60-75 1.33 + 0.20 1.57 ± 0.10
75-90 1.21 + 0.22 1.26 ± 0.08
90-105 1.43 t 0.15 1.46 ± 0.10
105-120 1.19 + 0.07 1.23 ±0.13
120-135 1.30 + 0.05 1.58 ± 0.15
135-150 1.15 + 0.17 1.34 ± 0.07
150-165 1.45 + 0.27 1.38 + 0.07
165-180 1.32 ± 0.16 1.5'.. , ,.30
180-195 1.12 ± 0.06 1.40 ± 0.18
195-210 1.06 ± 0.12 1.31 ± 0.10
210-225 1.02 + 0.08 1.30 ± 0.10
225-240 0.88 ± 0.05 1.20 ± 0.10
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3.2.3. The role of gut floral metabolism in mediating the 
hepatotoxicity of ANIT.
The role of gut floral metabolism was also investigated 
since it had been reported by Lock ^  ^  (1982) that
interruption of the enterohepatic circulation by bile duct 
cannulation caused a reduction in the hepatoxicity of ANIT. It 
was postulated therefore that ANIT may undergo gut floral 
metabolism in the intestine producing toxic metabolites which 
may then be reabsorbed into the blood stream and pass back to 
the liver to effect their toxicity.
A preliminary study was performed to ensure that the 
strain of rat which is maintained in germ free condition, the 
fischer rat was infact susceptible to ANIT toxicity. Once this 
had been confirmed an experiment was performed whereby 4 
gnotobiotic fischer rats were dosed with 300mg/kg body weight 
ANIT and 4 were dosed with the vehicle olive oil. All rats were 
maintained under germ free conditions in an isolator for 24
hours after dosing. The rats were then sacrificed, the livers 
removed and processed for histological examination as described 
in section 2.3.1., and the sections stained with Haemato)^lin 
and Eosin.
A conparison of the hepatotoxicity of ANIT in gnotobiotic 
and conventional fischer rats was performed qualitatively by 
examining the pathological effects of the conpound in the
liver. Figure 3.12a shows the liver of a conventional rat 24
hours after the administration of ANIT. As expected, there is
destruction of the bile duct and the hepatotoxic response to 
ANIT as described in the early experiments in section 3.1.1.
141
FIGURE 3.12a. Micrograph of Haematoxylin and Sosin 
stained section through conventional rat liver 24 hours 
after treatment with ANIT. The liver shows classic ANIT 
hepatotoxicity, destruction of the bile duct without 
major hepatocyte damage. Magnification x 80.
FIGURE 3.12b. Micrograph of Haematoxylin and Eosin 
stained section through germ free rat liver 24 hours after 
treatment with ANIT. Again the standard pattern of ANIT 
toxioity is observed. Magnification x 80.
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The effect of ANIT on the liver of germ free rats is depicted 
in figure 3.12b. Again the classic hepatotoxic response to ANIT 
is observed, with the selective destruction of the bile duct 
without apparent damage to the surrounding artery and vein or 
hepatocytes. There are thus no apparent histopathological 
differences observable between the expression of ANIT 
hepatotoxicity between germ free and conventional rats.
The hepatotoxicity of ANIT is therefore not dependent 
upon gut floral metabolism of ANIT to a toxic metabolite which 
then returns to the liver. The results of Lock et al. (1982), 
however, show that ANIT toxicity depends upon the existence of 
the intact enterohepatic ciculation itself. This suggests that 
the toxic metabolite of ANIT is produced within the liver and 
excreted into bile prior to its recirculation to the liver via 
the enterohepatic circulatory system. Any interuption of this 
system would prevent re-exposure of the conçxxand in the liver 
and reduce the observed toxicity. Indeed, this is the, 
phenomenon noted by Lock et al. (1982) when the bile duct was 
cannula ted prior to the administration of ANIT.
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3.3. THE . ROUTE OF ENTRY OF THE TOXIC ANIT METABOLITE(S) INTO
BILE.
A study was designed to investigate the origin of the 
ANIT metabolites in bile. Since the primary site of the lesion 
appears to be at the level of the bile duct lining cell the 
toxin could theoretically arise from diffusion across 
periportal hepatocytes towards the bile duct lining cells 
attacking the cells at their basolateral face, or be secreted 
into bile and attack the biliary cells via their apical face 
from the lumen of the duct.
The work of Lock et al. (1982) in combination with the 
previous experiments with gnotobiotic animals suggested that an 
intact enterohepatic circulation was required for the 
expression of ANIT hepatotoxicity. Thus the route of At^ IT 
metabolites into bile may be via secretion into canaliculi and 
then into bile for attack at the apical face of the bile duct 
lining cells. The lack of toxicity observed in the biliary 
plexus of venules, and the observation of an intact basement 
membrane in some bile ducts after ANIT administration supports 
the idea of attack from the apical face of the cell.
This theory was tested by selecting the mouse as the 
model system for ANIT toxicity. The mouse is known to express 
ANIT hepatotoxicity in a similar way to the rat (Capizzo and 
Roberts, 1971), and is also a rodent species which posesses a 
gall bladder. The epithelium lining the gall bladder is known 
to be continuous . with the bile duct epithelium and shows
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remarkably similar morphology to the bile duct, it is also the 
first organ to receive bile after it has left the liver (Bloom 
and Fawcett, 1975). If ANIT toxicity is mediated via a bile 
borne metabolite as previous experiments suggest, it would be 
expected that the gall bladder would show similar lesions to 
those observed in the liver, a loss of the epithelial layer of 
cells which line the organ.
20-25g male University of Surrey Schneider mice were 
dosed ty oral gavage with either ANIT or olive oil. 24 hours 
after a single dose the animals were sacrificed and the liver 
and gall bladder from each animal excised. Suitably sized 
pieces were cut and fixed for staining with Haematoxylin and 
Eosin and light microscope examination.
Examination of the livers of ANIT treated mice showed 
similar toxic effects to the livers of ANIT treated rats; 
destruction of bile ducts, lysis of surrounding hepatocytes and 
parenchymal focal necrosis, control livers showed no visible 
toxic effects. Thus the mouse liver at least, showed a similar 
susceptibilty to ANIT toxicity as the rat (also documented in 
Capizzo and Roberts 1971).
The gall bladder was cut in longitudinal section through 
the organ to allow thorough examination of the tissue which 
cortposes the gall bladder wall. Control mouse gall bladder 
showed the normal expected arrangement. The wall is coirposed 
a nunber of layers of tissue; the surface epithelium which 
consists of a single layer of cuboidal epithelial cells, which 
seal the lumen via tight junction cpnplexes between the cells 
at the apical portion Of the epithelium. Beneath the epithelium
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FIGURE 3.13a. Micrograph of a Haematoxylin and
Eosin stained section through mouse gall bladder. 
The structure is evenly layered with the innermost 
epithelial layer showing a cuboidal cell structure 
similar to that seen in the bile duct. 
Magnification x 80.
FIGURE 3.13b Micrograph of haematoxylin and
Eosin stained mouse gall bladder 24 hours 
after the administration of MIT. The layered 
arrangement observed in the control animal is 
almost conpletely absent. The only recognisable 
layer is the outer nuscle layer, other layers 
are almost conpletely destroyed.
Magnification x 80.
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lies the lamina propria which contains mucous secreting cells, 
these cells communicate with the lumen of the gall bladder via 
small ducts. Beneath this layer is a iruscular layer coirposed 
•^ af . longitudinal transverse and oblique smooth muscle fibres 
acconpanied by a network of elastic fibres and some 
fibroblasts. This layer is responsible for the contraction of 
the gall bladder, and blood vessels which lie in this layer 
branch through it into the mucosa (Bloom and Fawcett, 1975).
In the control mouse gall bladder examined (Fig. 3.13a) 
these layers were clearly visible and there were no 
abnormalities visible from the light microscopic examination.
In contrast the gall bladder from the ANIT treated rats 
was very different in appearance (Fig. 3.13b). The structured 
and layered arrangement of the organ had been lost conpletely. 
The only remaining recognisable layer was the connective tissue 
layer which surrounds the organ. All other layers were totally 
indistinguishable, the area above the connective tissue layer 
was a mass of inflairanatory cells, epithelial cells and imcosal 
cells in total disarray with absolutely no discernable 
structure visible.
It is obvious therefore that the toxicity of ANIT is not 
limited to tho bile duct but is also expressible in the gall 
bladder an organ whose structure is in fact continuous with the 
bile duct epithelium. The active metabolite (s) of ANIT 
therefore are certainly bile bound and appear to have a 
specific toxicity for the cells associated with the biliary 
system. ,
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3.4. THE METABOLISM AND BILIARY EXCRETIŒ OF ANIT IN THE RAT.
As discussed earlier (sections 3.2 and 3.3) it has been
demonstrated that ANIT is metabolised by the rat and that one
or more of the bile-borne metabolites are responsible for the 
toxicity of the conpound in the liver. A study was therefore
designed to investigate the biliary concentration of ANIT and
any detected metabolites in both ANIT treated phenobarbitone 
induced and non induced animals.
’^■'istar albino rats (University of Surrey) were induced by 
dosing with phenobarbitone as described in section 2.1., 4 of
the induced animals were dosed with olive oil,' another 4 were 
dosed by gavage with 300 mg/kg ANIT suspended in olive oil. Non 
induced animals were dosed solely with ANIT or olive oil.
Rats were divided into 6 groups and the bile ducts of all 
rats were cannulated (section 2.2.1.) as described below:
GROUP TREATMENT BILE COLLECTION
1 O.OIL. 0-4 hours
2 ANIT 0-4 hours
3 O.OIL 4-8 hours
4 ANIT 4-8 hours
5 O.OIL+PB 0-4 hours
6 ANIT+PB 0-4 hours
PB= Phenobarbitone, O.Oil = Olive oil.
Bile collections were over 15 minute intervals.
All groups consisted from at least 4 animals and bile sanples
o
were stored at -20 C until assayed.
Assay of bile was. performed by solvent extraction and
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FIGURE 3.14.
A) HPLG trace of control bile spiked with a standard 
solution of ANIT and naphthylamine, showing 
respective retention times. The arrow marks time 
of injection onto column.
B) HPLC trace of bile from ANIT treated rats. Of the 
4 peaks oberved, peak 1 shows a similar retention 
time to naphthylamine, and peak 4 shows a similar 
retention time to ANIT.
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FIGURE 3.15.
Calibration graphs for ANIT (A) and naphthylamine (B)
showing a linear relationship between biliary 
concentration and peak height after separation by HPLC.
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reverse phase HPLC as described in section 2.6.
In rats treated with ANIT, or phenobarbitone and ANIT, 4 
peaks were observed. All of the observed peaks were absent from 
control induced or non-induced animals (Figure 3.14a and b). 
The concentrations of ANIT and or naphthy lamine were calculated 
from standard curves (Fig. 3.15, concentration range 0-2.5 
yg/ml) prepared from the commercial reagents and processed 
through the same extraction process. Approximate concentrations 
of the Ml and M2 metabolites were calculated in a similar 
fashion, however since these were unknown conpounds the 
standard curve for ANIT was used for M2 and the standard curve
fof o;-naphthylamine was used for Ml. These oirves were selected
• {
on the basis that «-naphthylamine and Ml have similar retention 
times (99secs and 135 secs respectively) and ANIT and M2 have 
similar retention times (6.5 and 7 minutes respectively). Thus 
the concentrations for ANIT and «-naphthylamine are expressed 
as yg/ml bile, and for Ml and M2 are expressed as concentration 
equivalents (CE)/ml bile.
3.4.1. Biliary concentration of " «-^naphthylamine" in non 
induced and induced ANIT treated rats.
. Peak 1, identified on the basis of co-chromatography as 
«-naphthy lami ne (Fig 3.16), appeared in bile in high 
concentrations relatively quickly after dosing. The first 
measurement at 30-45 minutes after dosing showed an average 
level of 0.66 yg/ml bile. The concentration increased steadily 
up to 2.5-3 hours after dosing where it peaked at an average 
level of 2.44 pg/ml bile (tables 3.4 and 3.5). The 
concentration of o^-naphthylamine in bile appeared graphically
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FIGURE 3.16.
HPLC traces of bile sairples from control or ANIT treated 
rats. Separated using reverse phase column, with 70% 
acetonitrile, pH 5 phosphate buffer and UV detection(307nm).
A) Bile sanple from control rat showing large initial 
peak but no retention of components on the column.
B) Bile sanple from ANIT treated rat, showing peak as 
observed in control animals and 4 additional peaks. 
These may be ANIT and some of its metabolites retained 
at various lengths on the HPLC column.
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TABLE 3.4 BILIARY EXCRETION OF ANIT AND SOME OF ITS METABOLITES
0-4 HOURS AFTER DOSING.
TIME AFTER 
DOSING 
(mins)
gcNAPHTHYLAMINE Ml M2 
1 ml
ANIT
&IL6
30-45 0.66 dbO.23 0.39 +0.13 0.02 +0.16 1.60 +0.80
45-60 0.85 ±0.15 0.46 ±0.09 0.17 ±0.10 1.26 ±0.65
60-75 1.00 ±0.16 0.56 ±0.07 0.09 ±[0.06 1.39 +0.90
75-90 1.32 ±0.37 0.47 +0.10 0.22 ±0.08 2.02 +1.10
90-105 1.57 ±0.48 0.64 ±0.06 0.36 +0.09 1.52 +0.60
105-120 1.89 ±0.67 0.60 +0.15 0.37 +0.08 1.30 +0.60
120-135 1.82 +0.33 0.55 +0.08 0.45 ±0.11 1.45 ±0.45
135-150 2.44 +0.79 0.55 +0.11 0.44 +0.14 0.90 ±0.19
150-165 1.76 +0.30 0.28 +0.01 0.34 ±0.09 0.55 ±0.11
165-180 1.98 +0.53 0.35 ±0.02 0.36 +0.13 0.42 ±0.18
180-195 0.94 +0 34 0.20 +0.05 0.13 +0.04 0.13 ±0.03
195-210 0.71 ±0.16 0.20 +0.02 0.07 ±0.03 0.12 +0.04
210-225 1.20 +0.20 0.19 ±0.01 0.09 ±0.02 0.13 ±0.04
225-240 0.78 +0.17 0.22 +0.03 0.12 +0.01 0.12 +0.01
TABLE 3.5 BILIARY EXCRETION OF ANIT AND SOME OF ITS METABOLITES 
4-8 HOURS AFTER DOSING.
TIME AFTER 
DOSING 
(mins)
(X.NAPHTHYLAMINE Ml 
C.Œ.. jml
M2 ANIT
255-285 0.93 ±0.22 0.051 ±0.01 0.30 +0.08 1.01 ±0.26
285-315 0.96 ±0.19 0.075 ±0.04 0.34 ±0.06 1.17 ±0.23
315-345 1.32 ±0.16 0.045 ±0.01 0.44 ±0.05 0.98 ±0.09
345-375 1.12 +0.13 0.048 ±0.01 0.42 ±0.03 0.45 ±0.14
375-405 0.67 ±0.22 0.040 ±0.02 0.33 ±0.09 0.20 ±0.10
405-43‘- i.Oi 10. 28 0.037 ±0.03 0.36 ±0.05 0.26 ±0 • L5 1
435-465 0.67 ±0.16 0.060 ±0.04 0.41 +0.07 0.15 ±0.08
465-495 0.58 ±0.12 0.070 ±0.04 0.46 ±0.06 0.18 ±0.09
* .
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TABLE 3.6 BILIARY EXCRETIOSI OF ANIT AND SOME OF ITS METABOLITES 
FROM PHENOBARBIimE INDUCED ANIMALS 0-4 HOURS AFTER DOSING.
TIME AFTER 
DOSING 
(mins)
<%NAPHTHYLAMINE Ml M2
&IUS
ANIT
30-45 2.54 +0.13 2.55 ±1.30 0.06 +0.03 0.99 ±0.40
45-60 4.40 ±1.60 1.70 ±0.80 0.13 ±0.05 0.81 +0.37
60-75 3.32 +0.90 1.46 ±0.90 0.13 +0.06 0.64 ±0.51
75-90 2.20 ±1.00 1.25 +0.85 0.16 ±0.09 0.62 ±0.41
90-105 3.10 ±1.80 2.78 ±1.50 0.66 ±0 16 1.50 ±0*66
105-120 6.06 +3.30 1.22 +0.30 0.41 ±0.11 0.84 ±0.46
120-135 5.60 ±2.70 0.84 ±0.30 0.65 ±0.30 1.06 ±0.40
135-150 3.31 ±1.20 0.67 +0.19 0.37 ±0.15 0.43 ±0.36
150-165 4.30 ±1.50 0.43 +0.17 0.40 ±0.20 0.67 ±0.33
165-180 1.77 ±1.00 0.05 ±0.04 0.12 ±0.04 0.31 ±0.26
180-195 0.98 ±0.26 0.06 +0.03 0.12 ±0.05 0.07 ±0.04
195-210 1.21 ±0.40 - 0.03 ±0.02
210-225 0.93 +0.30 — 0.01 ±0.004
225-240 0.79 +0.20
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(Fig 3.17a and b) to have a biphasic response, with the 
concentration falling between 3 and 4 hours after dosing then
reaching a second peak of 1.32 pg/ml bile at 4-4.5 hours after
dosing. The biliary concentration then fell slowly to 0.58 
ug/ml bile by 8 hours after dosing. However the decrease in 
biliary naphthy lamine at this time may be due at least 
partially to extrinsic factors such as reduced bile flow. 
Animals were maintained under anaesthesia for 3-4 hours and are 
probably dehydrated and stressed to some degree. The biliary 
excretion of naphthy laminé may therefore peak at 2.5-3 hours 
then decrease steadily from 4-8 hours after dosing.
cxnaphthylami ne excretion in animals treated with 
phenobarbitone prior to ANIT dosing showed a slightly different 
pattern (table 3.6). Generally the levels of owiaphthylamine 
were nuch higher than in non-induced animals as expected with
the induction of drug metabolising enzymes. The inter-animal
variation at each time point was nuch greater than in non- 
induced animals making interpretation of the results more 
difficult. However, on average the biliary excretion of 
naphthy lamine was increased by 2-3 fold by induction of 
metabolism with phenobarbitone. In addition, the peak excretion 
of (Xrnaph thy lami ne in induced animals appeared to occur 
earlier, at 1.5-2 hours after dosing (fig 3.17c), whereas the 
peak in uninduced rats occurred at 3-4 hours after dosing. The 
maximum level of naphthylamine appearing in the bile of 
phenobarbitone induced rats was 6.6pg/ml bile, an increase of 
2.75 fold over peak values for non-induced ANIT treated 
animals. However the concentration decreased very rapidly and
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by 4 hours after treatment with ANIT the levels were equivalent 
to those in the non-induced animals.
3.4.2. Biliary concentration of Ml in non-induced and induced 
ANIT treated rats .
The concentration of Ml in bile was nuch lower than 
that of -naphthylamine in the detection system used (Table 3,4 
and 3.5). The initial pattern of excretion was similar to that 
of the t(-naphthylamine with the peak (0.64 ce/ml bile) occuring 
slightly earlier than that of Oc-naphthylamine, at 1.5-1.75 
hours after dosing with ANIT. In a similar way to 
naphthylamine, the biliary concentration dropped between 2 and 
4 hours after dosing, but maintained a steady biliary level of 
approximately 0.4 ce/ml bile from 4-8 hours after dosing 
possibly due to the reasons discussed earlier, (Fig 3.18a and 
b).
The concentration of Ml in the bile from the phenobarbitone 
pretreated animals (Table 3.3) again showed a distinctly 
different excretion profile. Early levels of the metabolite 
were very high, at 2.55 ce/ml bile 30-45 minutes after dosing, 
an increase of appoximately 6 fold over non-induced animals 
excretion levels. The levels then fell steadily apart from one 
single anomalous value at 1.5-2 hours after dosing. Since the 
standard error for this value is so high it may be regarded as 
insignificant. If this is so then the metabolite continues to 
decrease steadily fom 30 minutes after dosing to 3 hours after 
dosing when it is at a level below detection in the assay
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system used ie <0.01 ce/ml bile. Again this would appear to 
indicate a shift in the excretion profile to the earlier time 
points after pre-induction with phenobarbitone (Fig 3.18c).
3.4.3. Biliary concentration of M2 in non-induced and induced 
ANIT treated rats.
The excretion of M2 showed a different pattern from 
(Y- naphthylami ne or Ml (Table 3.4 and 3.5). Initial levels were 
low, however the biliary concentration rose to a maxinum of 
0.45 ce/ml bile and generally the levels remained at about this 
concentation for up to 3 hours. After this time the biliary 
concentration started to fall, as deserved in all other 
metabolites at this time, but retained its original level by 4-
4.5 hours after dosing where it remained constant until the end 
of the experiment (Fig 3.19a and b).
Biliary M2 concentrations in induced animals were again 
generally higher than in the non-induced animals (1.5-2 fold, 
table 3.6), although in this case the excretion profile 
appeared to be very similar (Fig 3.19c). The M2 metabolite 
reached maxinum excretion from 1.5-3 hours after ANIT 
administration in non-indubed animals and from 1.5-2.5 hours 
after ANIT in induced animals. However in a similar way to the 
Ml metabolite in induced animals, the metabolite levels dropped 
below the limit of detection by 3-3.5 hours after dosing.
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3.4.4. Biliary concentration of ANIT in non-induced and induced 
animals.
The concentration of ANIT in non induced-animals from 0-8 
hours after dosing was relatively high (Table 3.4, 3.5).
Initial excretion into bile was at levels of 1.3-2 ug/ml bile, 
dropping after 2.5 hours steadily down to a constant level of
1.2 yg/ml bile from 3-4 hours after dosing. This however does 
not fit with the excretion values obtained for 4-8 hours after 
dosing which show biliary concentrations to be approximately 1-
1.1 yg/ml bile at 4-4.5 hours after dosing , a dramatic 
increase of almost 10 fold in 15 minutes (Fig 3.20a and b), 
this is much greater than the discrepancy observed with the 
other metabolites . As postulated earlier,an explanation for 
this may be that the animals are maintained under anaesthesia 
for ' up to 5 hours and continuous collection of bile will 
eventually lead to dehydration and death. It is observed that 
towards the end of all experiments the parent conpound or 
metabolite levels drop and this may be a reflection of the 
physiological status of the animal rather than a controlled 
change in excretion. If this is the case then it can be said 
that ANIT concentration falls fairly consistantly from 0-8 
hours after administration of the compound.
A similar pattern of excretion is observed in animals 
treated with phenobarbitone and ANIT (Fig 3.20c and Table 
3.6), except, as expected phenobarbitone induced animals 
generally showed lower biliary level of ANIT, pre^mably as a 
consequence of increased drug metabolising activity and thus 
greater metabolism of the parent compound.
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To summarise: in the cases of X -naph thy lamine, Ml and M2 
an increase in biliary concentration after pre-induction of the 
animals with phenobarbitone was observed. This may be as 
expected since phenobarbitone induces a subset of drug 
metabolising enzymes and thus will increase turnover of the 
parent coitpound. Both Ml and M2 showed increases of 1.5-2 fold 
over non-induced values, C^naphthylamine was present in the 
largest concentration in the bile of non induced-rats and was 
increased to the largest extent 2.5-3 fold (to levels of 6 
yg/ml bile) by pre-treatment with phenobarbitone.
3.4.5. METABOLITE IDENTIFICATION.
Collection of fractions containing the metabolites after 
separation on the HPLC column gave enough sanple for UV and 
Fluoresence scans.
In all cases the scans were very similar, indicating that 
during metabolism there has been for all detectable metabolites 
no cleavage or loss of the UV absorbing/fluoresent naphthol 
ring.
A secondary confirmation of the identity, of the 
naphthylamine was from work kindly performed by Dr I. 
Wilson (ICI, Alderley Edge, Manchester). Isolation of ANIT 
metabolites was performed from rat faecal pellets collected 
over 48 hours, from animals maintained in metabolism cages, 
after a single dose of 300 mg/kg ANIT. NMR (nuclear magnetic 
resonance) examination of the fraction which elutes first from 
the HPLC separation gave evidence which was not inconsistant 
with the unknown metabolite being (x-naphthylami ne.
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An attempt was made to ascertain whether the Ml 
metabolite was the N-acetyl conjugate of naphthylamine since 
it eluted so closely to the oc-naphthy lami ne. The N-acetyl 
conjugate was synthesised as follows with the kind help of Dr 
G. Frost (Robens Institute, Surrey University).
3.4.5.1. Synthesis of N-acety 1-1-aminonaphthalene.
Naphthylami ne and acetic anhydride (in 5 molar excess) 
were initially mixed together at room temperature. Gentle heat 
was then applied under reflux conditions for 1-2 hours. The 
reaction mixture was allowed to cool, the crystals were 
recrystalised from ethanol, dissolved in methanol then run - on 
the HPLC column. Using the standard conditions for elution of 
ANIT metabolites, the retention time for the synthesised N- 
acety 1-1-ami nonaphthalene was 72 seconds, the retention time 
for the standard ^-naphthy lami ne was 99 seconds. The synthetic 
compound eluted before the <x-naphthy lamine, since both unknown 
metabolites eluted after the naphthylamine it was concluded 
that neither Ml or M2 was the N-acetyl conjugate of 
û<-naphthy lami ne.
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4. DISCUSSION.
The induction of a liver lesion after the administration 
of the compound alpha naphthyl isothiocyanate has been very 
well documented since its discovery by Eliakim et al. (1959). 
It is now well established that a single dose of the compound 
causes elevated serum bilirubin levels and a cessation of bile 
flow. Histological examination shows destruction of the 
intrahepatic bile ducts and focal necrosis in the parenchymal 
tissue. The lesion is however species specific, with rats mice 
and guinea pigs showing much greater sensitivity to ANIT than 
hamsters, rabbits and dogs (Capizzo and Roberts 1971).
However, in spite of the wealth of research performed 
upon ANIT, its mechanism of action remains unclear. One of the 
main problems appears to be that the majority of research has 
centred upon the hepatocyte as the target cell for the
toxicity of ANIT. Although initially this may not seem
unreasonable since the hepatocyte is the site for bile 
formation and excretion, the histological evidence for the 
destruction of the bile duct and the biochemical changes within 
bilirubin secretion and bile flow surely identify the bile duct 
as a possible target for the toxicity induced by ANIT.
It would thus appear that one of the main questions to be
adressed is the actual site of action of the compound since
this would undoubtedly aid in clarifying the mechanism of 
action of ANIT.
4.1. Primary site of ANIT hepatotoxicity.
The total destruction of the intrahepatic bile ducts and 
production of focal necrosis by ANIT has been confirmed in this
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study; a single dose causes these lesions within 24 hours. Thus 
there are at least 2 cell types involved in the hepatotoxicity 
associated with ANIT. the bile duct lining cell (the 
cholangiocyte) and the hepatocyte. Which cell type is the 
primary target for ANIT toxicity has until now remained
unresolved. Most research has assumed that the hepatocyte is 
the primary site of ANIT toxicity with cholangiocyte toxicity 
occuring later and as a secondary effect due to interuption of 
bile formation.
The development of hepatic lesions in rats treated with 
ANIT has been re-investigated in this study mainly by 
histological methods, since the sheer difference in number of 
hepatocytes to bile duct lining cells makes any biochemical 
assay of bile duct lining cells almost impossible. An attempt 
was made to separate bile duct lining cells using a combination 
of procédures by Sirica, Battler and Cihla (1985) and Yaswen, 
Hayner and Fausto, (1984). However the preparation was crude 
and grossly contaminated with hepatocytes when attempted, so 
this approach was not pursued further.
The time course study described in section 3.1 showed
that the first histological changes were observable at the 
ultrastructurai level at 4 hours after dosing. These changes
involved nuclear alterations in cholangiocytes and a loss of 
integrity in some of the tight junction complexes between 
cholang iocy tes, no changes were observed in hepatocytes at this 
time. The first light microscopic changes, oedema and cellular 
infiltration occur in portal tracts and were visible at 6 hours
174
after dosing. At the ultrastructurai level there was a loss of 
integrity of tight junction complexes between all 
cholangiocytes where the plane of section allowed examination. 
Increased nuclear changes were also observed. In addition, 
histochemical evidence showed loss of T-GT from bile duct 
lining cells at this time. Again at this time point no 
parenchymal changes were visible either ultrastructurally or at 
the light microscope level.
The first changes visible in the parenchyma occured at 8 
hours after dosing and consisted of a small amount of 
vesicularisation of the rough endoplasmic reticulum in few 
hepatocytes. Thus histological, histochemical and biochemical 
changes with time after dosing are mainly associated with the 
bile duct and particularly with a loss of integrity of the 
tight junctions between cholangiocytes. At later times some 
sloughing of cholang iocy tes into the bile duct lumen and 
eventually a total loss of the bile duct may be observed.
All this evidence indicates that the portal tract and, in
particular, the bile duct is the primary target for ANIT 
hepatotoxicity. The parenchymal focal necrosis observed at 24
hours after dosing ANIT may therefore be a secondary effect and
arise as a consequence of bile duct necrosis. Parenchymal
damage in this manner is thought to arise due to reflux of bile
in the liver via blockage of bile ducts by cell debris from
damaged cells. Secondary parenchymal damage has been observed
by Israeli and Bogin, (1986); McLuen and Fouts, (1961) and
Desmet et al., (1970), as a consequence of bile reflux in
experimental bile duct ligation in rats or bile duct
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obstruction in man (Boyd, 1970). Thus it would seem that the 
primary target for ANIT toxicity is the cholangiocyte, 
destruction of this cell causes cell debris to block the 
intrahepatic bile ducts. Bile may then reflux in the liver, 
resulting in changes in the parenchyma similar to those which 
occur which occur during extrahepatic cholestasis. The focal 
nature of this lesion supports the involvement of the reflux of 
bile in the development of secondary parenchymal damage. A 
"critical factor" would then allow a localised reflux at one 
point in the system and therefore a release of pressure 
elsewhere, rather than a general failure of the biliary system.
4.2. The mechanism of ANIT toxicity in cholangiocytes.
The mechanism by which ANIT may. destroy cholangiocytes
has also been investigated. The ultrastructurai evidence
indicates that one of the first targets for ANIT toxicity at
the level of the cholangiocyte is the tight junction conplex.
This structure is a physiological barrier which allows limited
movement of ions and water between blood and bile. The loss of
this barrier allows bile to move between the bile duct lining
cells and thus gain access to the basolateral face of the
cholangiocytes. Since bile is a strong detergent, the mechanism
of destruction of the cells may thus be nothing more than 
sirrple lysis due to exposure of a sensitive face of the cell to
the detergent properties of bile. This idea may be supported by
the work of Billington, Evans, Godfrey and Coleman, (1981), who
have shown that although the canalicular face of the hepatocyte
is resistant to the action of bile, isolated hepatocytes may be
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lysed by a 1:10 dilution of the secretion. Thus it would appear 
that for the hepatocyte at least, only the face of the cell 
which is exposed to bile is resistant to it, the other faces 
showing normal cell structure and physiology. If this was also 
true for the cholangiocyte, then leakage of bile via the tight 
junction conplex to the basolateral face of the cell would have 
a similar effect, destruction of the cell.
The work of Lowe et al. (1985) has shown that
pretreatment of animals for 12 hours with 100 mg/kg ANIT
3
increases the rate of entry of H methoxy inulin and the first 
peak of HRP (horse radish peroxidase)into bile. Since the 
passage of methoxy inulin and of some HRP into bile is 
relatively fast and is not inhibited by colchicine it is 
assumed to occur via the paracellular pathway involving 
diffusion across the tight junction conplexes. Although the 
dose of ANIT is nuch lower in these experiments, and the 
animals have been examined at a later time point after 
treatment, the results suggest that ANIT has a definite effect 
on thé integrity of the tight junction complexes between 
hepatocytes. The site of action of ANIT in the liver may 
therefore be dependent upon concentration, or it may be that 
the cholangiocyte effects are also occuring in the experiments 
of Lowe et al. but their experiment will, due to the nature of 
the physiology of the liver, only exhibit leakiness between 
parenchymal cells,
. This theory of loss of tight junction integrity would 
also explain why the toxicity of ANIT is not observed as a
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"progressive" toxic effect, but appears to be an all or nothing 
phenomenon. Initial tight junction toxicity is difficult to 
observe and once the junction has failed, toxicity and lysis 
will presumably follow rapidly. In addition, the order in which 
a junction may fail will be an essentially random process and 
thus there will be a great deal of variation in damage between 
different bile ducts, as has indeed b^observed many times with 
ANIT. /
The actual mechanism by which tight junctions fail is as 
yet unknown. It is well known that under low calcium 
concentrations the tight junctions lose integrity and cells 
move apart from each other, this is in fact a common method used 
in hepatocyte isolation. It is possible therefore that ANIT or 
a metabolite causes a reduction of biliary calcium 
concentration causing the tight junction effects observed. 
Biliary calcium levels in ANIT treated animals appeared to be 
variable, showing a slight decrease in treated animals at 4-8 
hours after dosing, and after treatment with phenobarbitone. 
This may implicate calcium levels in the destruction of 
integrity of the tight junction, but since it is inpossible to 
distinguish between free and bound calcium levels in this 
experiment the decrease cannot be directly attributed to a 
decrease in free calcium. The increase in biliary albumin 
observed after dosing with ANIT, may suggest an increase in 
albumin bound calcium in bile and thus a concommitant decrease 
in free Calcium, but these forms need to be distinguished 
before the contribution of calcium can be truely evaluated. 
Alternatively, the tight junction effects may be due to the
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alteration of the tertiary structure of the glycoprotein of the 
junction which is common to both cells and acts as the barrier 
to ion movement (Staehelin, 1977).
4.3. The role of metabolism in mediating ANIT toxicity.
The role of metabolism in mediating ANIT hepatotoxicity 
has been examined by a number of workers (Capizzo and Roberts, 
1971a,b; El Hawari and Plaa, 1977,1979: Indacochea-Redmond and 
Plaa, 1971; Traiger et al., 1984,1985). They have suggested
that a metabolite of ANIT rather than the parent conpcund 
itself may be responsible for the hepatotoxicity observed. 
Research performed during this study has shown that 
potentiation of drug metabolising enzymes by pretreatment with 
phenobarbitone leads to a massive increase in the rate at which 
bile duct destruction occurs, many bile ducts being absent by 
6-8 hours after dosing ANIT in induced animals. This is. 
clear-cut evidence that the toxicity of ANIT is mediated via 
drug metabolising enzyme systems. An interesting observation, 
that in phenobarbitone induced ANIT treated animals there was 
little focal necrosis, provides further evidence that 
parenchymal necrosis is indeed a secondary effect of bile duct 
necrosis. In this case it would occur only after the onset of 
cholestasis, and bile flow was still evident in 
phenobarbitone induced ANIT treated animals at 8-8.5 hours 
after dosing. In addition, the specif icy of the toxin for 
cholangiocytes may be observed in induced animals since the
179
blood vessels in the portal tracts of these animals showed no 
damage, and in some cases even the basement membrane of the 
bile duct was still visible after the destruction of the 
cholangiocytes.
Thus the proximate hepatotoxin of ANIT is a metabolite 
produced by a phenobarbitone inducible hepatic enzyme system 
and is specific in the liver for cholangiocytes.
The route of entry of the metabolite into bile may be via 
excretion from the hepatocyte into canalicular bile resulting 
in attack of the cholangiocyte via the apical face, or by 
diffusion from periportal hepatocytes across the basement 
membrane attacking the cholangiocyte from the basolateral face. 
These possibilities were distinguished by examining the effect 
of ANIT on the gall bladder which is continuous with the bile 
duct and shows very similar morphology. It would therefore be 
expected that any conpound which was toxic to the 
cholangiocytes would also be toxic to the gall bladder. 
However, in the case of the gall bladder, the only route of 
exposure to the toxin is via bile. The gall bladders of ANIT 
treated mice, 24 hours after a single 300mg/kg oral dose showed 
total destruction of the epithelial and nucosal layers with 
just the outer nuscular layers remaining. This pattern of 
damage was very similar to that observed in the livers of ANIT 
treated rats. Thus the toxin appears to be bile-borne and would 
therefore exert its effects at the apical face of the 
cholangiocyte.
The work of Lock et al. (1981) showed that interruption 
of the enterohepatic circulation caused a reduction in ANIT
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toxicity. They postulated a role for micro floral metabolism in
ANIT toxicity from this result. However, research in this study
with gnotobiotic animals showed no alteration in ANIT
hepatotoxicity, thus dismissing micro floral metabolism as a
mediator of ANIT toxicity. The results of Lock et al. sinply
show a requirement for an intact enterohepatic circulation.
This can be reconciled with a bile borne toxin since the
enterohepatic circulation would allow return of the toxin to
the liver to effect its toxicity further.
However, the mechanism of action of ANIT will only be
fully elucidated when the causitive toxin has been identified.
This has been attenpted as the final part of this study.
4.4. The metabolism of ANIT.
The results from section 3.4 have shown that the bile of
ANIT treated rats contained 3 metabolites and the parent
coirpcund. One of these metabolites has been tentatively
identified as o(-naphthylamine and can be seen to increase by
2.75 fold after induction with phenobarbitone, the largest
increase of a detected metabolite after pretreatment. The
formation of this conpcxind is an indication that during
metabolism ANIT is undergoing the loss of the sulphur moiety
from the isothiocyanate side chain. This idea is supported by
the metabolism studies performed on ANIT by Traiger et al.
35
(1984) who showed that administration of S-sulphur
35
radiolabelled ANIT to rats lead to excretion of S-sulphate in 
urine. Administration of drug metabolising enzyme inducers or 
inhibitors respectively increased or decreased the amount of
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S-sulphate. Thus it would appear very likely that ANIT 
undergoes oxidative desuIphuration in the liver possibly via a 
reactive sulphur species.
This is not the first instance of an association between 
an active sulphur moiety and loss of tight junction integrity 
leading to leakage of fluid. ^-naphthyl thiourea is a 
rodenticide which effects its toxicity by causing acute 
and intensive pulmonary oedema. Its action appears to be 
specific for pulmonary vascular endothelial cells, causing an 
increase in permeability in the vessels, leading to 
interstitial oedema and alveolar flooding (Van den Brenk, Kelly 
and Holland, 1978). Morphologically, damage is confined to the 
endothelial cells of the lung with no apparent damage to 
epithelial cells (Meyrick, Miller and Reed, 1972). The majority 
of damage occuring at 6-8 hours after dosing (i.p. 50 mgkg).
Michel, Smith and Poulsen (1984) found that the leakage of 
fluid was due to gaps opening up between the endothelial cells 
by opening of the tight junction conplexes.
Boyd and Neil (1976) and Van den Brenk, Kelly and Holland 
(1976) suggested that ANTU may be metabolised via 
desu Iphurat ion to ANÜ ( naphthyl urea). The sulphur would then 
be free to cause cell damage , in this case they suggest, by 
formation of an active metabolite containing sulphur, carbon 
and nitrogen. The mechanism by which the metabolite disrupts 
junction integrity is still unclear but this association 
between sulphur and tight junction integrity is certainly a 
possible model, for the hepatotoxicity of ANIT.
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4.5. A irodel for ANIT induced toxicity.
Thus an outline scheme may be proposed for the mechanism by 
which ANIT effects its hepatotoxicity : ANIT dosed by oral
gavage is absorbed through the intestinal tract and passes via 
the hepatic portal vein into the liver. Once in sinusoidal 
blood ANIT can pass into hepatocytes, undergo metabolism via 
phase I and or phase II enzyme systems to an active or 
potentially active metabolite (possibly sulphur containing). 
The metabolite can then pass into bile via the canalicular face 
of the hepatocyte and eventually will drain into larger 
intrahepatic ducts.
Once in the duct the metabolite exerts its toxicity at 
the level of the cholangiocyte causing the tight junction to 
become leaky and bile to pass between them. The bile can then
lyse the cells due to its detergent properties. Although the
apical face of the cholangiocyte is resistant to detergent
action, under normal circumstances the basolateral face of the 
cell never has any contact with bile and thus has no
requirement for detergent resistance. This is supported by 2 
points: a) the destruction of the bile ducts is very rapid once 
initiated, not showing a progressive increase in toxic damage 
and has a very steep dose response, and b) the canalicular face 
of the hepatocyte is obviously resistant to the detergent 
action of bile yet a 1:10 dilution causes lysis of isolated 
hepatocytes in vitro thus they are not resistant on all faces 
of the cell.
The destruction of cholangiocytes in the duct will occur 
randomly depending entirely on when thé junction conplex fails.
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It will however allow escape of bile into surrounding tissue 
causing some hepatocyte lysis and will generate nuch cell 
debris capable of causing blockage of ducts and thus stasis of 
bile flow. Both of these effects will cause hepatocyte necrosis 
in portal areas as described 24 hours after treatment with 
ANIT.
Bile may also reflux back into serum causing elevated 
biliary parameters in serum (Becker and Plaa, 1965; Roberts and 
Plaa, 1966). Bile may enter serum in 2 ways: a) by leakage from 
damaged bile ducts into the connective tissue of the portal 
tract. Then nuui diluted via the lynphatic system into serum, 
b) reflux through canalicular tight junctions into sinusiodal 
blood. In this case focal necrosis may be observed at the site 
of the canaliculus, (seen with ANIT at 24 hours after dosing).
These changes when observed together, elevated serum 
levels of biliary components and focal necrosis along with 
stasis of bile flow are classical indicators of the onset of 
cholestasis. This indicates that ANIT toxicity is indeed 
mediated via the development of a cholestatic lesion and that
this lesion arises from obstructed bile flow rather than any
impairment of bile formation.
A schematic representation of this proposal for the 
mechanism of action of ANIT is shown in figure 4.1.
The specificty of ANIT for the bile duct lining cell may
be considered unusual in view of its metabolism occuring within 
the hepatocyte. However there may be a number of reasons why 
the toxicity of ANIT is localised at the level of the
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cholangiocyte. One sinple explanation is that the metabolite 
is, once formed, very rapidly excreted into bile and thus 
exerts its toxicity there, alternatively the metabolite may 
become activated once in bile. There are a number of ways in 
which this may occur: Temmink et al. (1986) has shown that
isothiocyanates undergo reversible conjugation with 
glutathione. Since glutathione perform a major role in the 
detoxification process by mopping up reactive intermediates and 
promoting their excretion into bile, it may indeed react with a 
product of the metabolism of ANIT and enhance its excretion 
into bile. One of the criteria of Temnink et al. for reverse 
conjugation is an alkaline pH and since the pH of bile is 
approximately 8 it is feasible that the conjugate may undergo 
the reverse reaction and release the active metabolite into 
bile.
Imnunocytochemical studies not reported here have shown
that the bile duct lining cells have a large conplement of the
drug metabolising Cytochrome P isoenzyme. Thus as for
448
classic toxins such as Paraquat the site specificity may be due 
to metabolism at the site of the lesion. This is probably less 
likely for ANIT since there is no evidence that it requires 
entry to the bile duct lining cells to effect its toxicity,. In 
addition, this would be inconsistant with the induction effect 
observed with phenobarbitone (which induces the cytochrome P
450
isoenzyme) and the absence of effects after the administration
of 3-methyl cholanthrene, a P inducer.
448
Finally, perhaps a more likely explanation for the
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M I T   ►  absorption through GI tract.
i
LIVER
Metabolism by phase I/II enzyme 
systems to active netabolite. 
(possibly sulphur containing).
I
BILE CANALICULUS
i
INTRAHEPATIC BILE DUCT 
Metabolite causes tight junction 
conplexes to become leaky. Bile 
leaks between cells and lyses 
cholangiocytes via basolateral 
face.
i
CHOLANGIOCYTE NECROSIS 
Production of cell debris causes 
blockage of bile ducts.
i
BILE STASIS M D  REFLUX 
Leads to focal necrosis at can­
alicular regions and elevated bile 
conponents in serum.
i
INTRAHEPATIC CHOLESTASIS
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site specificity of ANIT is that the toxin may become 
concentrated as it passes down the bile duct, due to the 
resorption of water (Boyer, 1980). Site specificty would thus 
be a function of concentration of the toxin. This has been 
shown to occur in the case of the chromone FPL 52757 (Eason et 
al., 1982). The toxicity of this conpound in dogs results in
changes which are morphologically very similar to those caused 
by ANIT. The destruction of the bile duct in this case however, 
is due to excretion of the parent conpound into bile. As it 
pases down the duct the chromone becomes increasingly 
concentrated until it is capable of destroying the 
cholangiocytes via its surfactant activity. Although ANIT is 
metabolised, the metabolite may undergo similar concentration 
as it passes down the duct and thus exert its biliary toxicity 
in a similar manner.
Thus it is evident that there are a number of 
questions still to be answered before the mechanism of ANIT 
hepatotoxicity may be fijlly explained. However, the 
identification of the cholangiocyte as the primary target of a 
bile borne ANIT metabolite will undoubtedly prove very helpfijl 
in future studies involving this compounds
In conclusion, in may be pertinent to observe that the 
cholangiocyte is frequently considered to be almost "inert", 
purely existing to form a duct to convey bile from the liver to 
the intestine. In fijture toxicological studies involving the 
liver, especially with respect to the development of in vitro
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methods for hepatocyte culture, it should be noted that the 
cholangiocyte is a living functioning cell and is therefore 
equally as susceptible to toxic insult as other cell types in 
the liver.
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FUTURE WORK.
The main aim of fiiture work would be to determine the 
exact mechanism of action of MIT.
Firstly the role of calcium may be investigated by 
administration of a calcium chelating agent via retrograde 
infusion into the bile duct. The only exposed cells would then 
be the cholangiocytes and the toxicity could be conpared with 
that induced by MIT.
It may be possible to use the gall bladder as an jji vitro 
model for looking at the effects of calcium chelating agents 
and detergents on the epithelial cells of thi organ and 
comparing this to the histology obtained for exposure of the 
gall bladder to M I T  in vivo.
Isolation and identification of metabolites would allow 
retrograde biliary or portal infusions of these conpounds at 
physiological levels as determined by HPLC studies in this 
work. Once infused, the hepatotoxicity may then be examined, 
histologically.
The posibility of concentration of the metabolite as it 
passes down the duct could also be examined. It is posible to 
induce choleresis, for exanple by administration of 
taurocholate. If this Were performed in association with the 
administration of MIT, examination for any reduction in 
toxicity due to dilution of the metabolite via choleresis may 
show such an effect.
Isolation and culture of cholangiocytes in vitro would of 
course be an ideal system for monitoring the toxicity of
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metabolites of ANIT to cholangiocytes. This would also allow 
monitoring of the tight junction effects and give a measure of 
the metabolic capability of the cells. Although a difficult 
technique, isolation and short term culture of cholangiocytes
has been achieved by Sirica et al. (1985).
35
The use of S ANIT would be helpful to investigate the 
possibility of an active sulphur metabolite both jji vitro and 
in vivo.
Used in conjunction with each other, these methods should 
provide many if not all the answers to the mechanism of action 
involved in ANIT hepatotoxicity.
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